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ABSTRACT
One o f  the th r e e  l e u c in e - a c c e p t i n g  s p e c i e s  o f  tRNA from b a k e r 's  
y e e s t  can e x i s t  in  a s t a b l e  con form ation  which p o s s e s s e s  second ary  
anci t e r t i a r y  s t r u c t u r e  but which has l i t t l e  b i o l o g i c a l  a c t i v i t y .  The 
d e n a tu r a t io n  o f  the n a t i v e ,  b i o l o g i c a l l y  a c t i v e  tRNA to  t h i s  in a c t i v e  
con form ation  i s  c o m p le te ly  r e v e r s i b l e  under c o n d i t io n s  which cause  
the d is r u p t io n  o f  the in c o r r e c t  secon dary  and t e r t i a r y  s t r u c t u r e  o f  
the denatured form and a l lo w  the r e - fo r m a t io n  o f  the  c o r r e c t ,  b io ­
l o g i c a l l y  a c t i v e  secondary and t e r t i a r y  s t r u c t u r e  o f  the n a t iv e  tRNA.
This tRNA, which i s  d e s ig n a te d  " ren atu rab le"  le u c in e  tRNA, has  
been p u r i f i e d  by s u c c e s s iv e  chromatography on b e n z o y la te d  DEAE- 
c e l l u l o s e  and Sephadex G-100 colum ns.
The p u r i f i e d  " ren atu rab le"  le u c in e  tRNA was s u b je c te d  to  com plete  
d i g e s t i o n  by Ti r ib o n u c le a s e ,  and the d i g e s t i o n  prod ucts  were s e p a ­
ra ted  by chromatography in  a J M urea D E A E -ce llu lo se  column. The 
n u c le o t id e  seq uences  o f  the p u r i f i e d  Ti RNase d i g e s t i o n  products  were 
determ ined by subsequent d i g e s t i o n  w ith  p a n c r e a t ic  RNase, a lk a l i n e  
p h o sp h a ta se ,  snake venom p h o sp h o d ie s te r a s e  or p o ly n u c le o t id e  phos-  
p h o r y la s e ,  s i n g l y  or in  co m b in a t io n s .  N u c le o t id e s  and n u c le o s id e s  
were i d e n t i f i e d  by t h e i r  chrom atographic m o b i l i t i e s  and by t h e i r  UV 
s p e c t r a .
To determ ine th e  order o f  the Ti RNase d i g e s t i o n  p rod u cts  in  
the tRNA m o le c u le ,  i t  was n e c e s s a r y  to  s u b j e c t  the  tRNA t o  l im i t e d  
d i g e s t i o n  w ith  Ti RNase, producing o l i g o n u c l e o t i d e s  th a t  co n ta in e d  
in t e r n a l  guanosine r e s id u e s .  A f t e r  p u r i f i c a t i o n  in  55° 7 M urea  
DKAE-ce11u lo s e  columns and in  pH 3 .0  f  M urea D E A E -ce llu lo se  co lum ns,
x i
th e s e  o l i g o n u c l e o t i d e s  were c o m p le te ly  d ig e s t e d  w ith  Ti RNase, and 
the d i g e s t i o n  prod u cts  were i d e n t i f i e d .
From the data  o b ta in ed  from the com plete  Ti RNase d i g e s t i o n  and 
the p a r t i a l  Ti RNase d i g e s t i o n s ,  to g e th e r  w ith  the i d e n t i t i e s  o f  the  
com plete  p a n c r e a t ic  RNase d i g e s t i o n  p r o d u c ts ,  i t  was p o s s i b l e  to  
deduce th e  com p lete  n u c le o t i d e  sequence o f  " ren atu rab le"  le u c in e  
tRNA. The tRNA was found to  c o n s i s t  o f  85 n u c l e o t i d e s ,  in c lu d in g  
n ine  d i f f e r e n t  m od if ied  n u c le o t i d e s  (5 - m e t h y l c y t i d i n e , N4 - a c e t y l -  
c y t i d i n e ,  1 -m e th y lg u a n o s in e , N2 -m e th y lg u a n o s in e , N2 -d im eth y lg u a n o s in e  , 
2 ' - 0 -m ethy1g u a n o s in e , r ib o th y m id in e , p seu d ou rid in e  and 5 »6 -d ih y d r o -  
u r i d i n e ) .





When the primary seq uence  o f  th e  tRNA was arranged in  the  c l o v e r -  
l e a f  model o f  secondary s t r u c t u r e ,  i t  was found th a t  the tRNA con­
t a in s  a "m iniloop" o f  1 2  n u c l e o t i d e s ,  a c c o u n t in g  f o r  the lo n g er  than  
a v e r a g e  le n g th  o f  t h i s  tRNA. The a n t ico d o n  fo r  " ren atu rab le"  le u c in e  
tRNA was found to  be nf'CpApAp, and the  a n t ico d o n  stem was found to  
c o n t a i n  o n ly  four base p a ir s  in s t e a d  o f  th e  u su a l f i v e  base  p a ir s  in  
o t h e r  tRNA's. T h is  was due to  the f a c t  th a t  th ere  was a c y t i d i n e  a t  
p o s i t i o n  ^0 in  the  a n t ico d o n  stem . (Subsequent in fo rm a t io n  ob ta in ed  
f rom T i  RNase d i g e s t i o n  products  from another p r e p a r a t io n  o f  the  
tRNA i n d i c a t e d  th a t  th ere  may sometimes be a p seu dou rid in e  a t  p o s i -  
t  i o n  -iO . )
x i i
I t  was observed  in  the c l o v e r l e a f  model o f  the tRNA th a t  two o f  
the th ree  base p a ir s  in  the d ih y d r o u r id in e  stem in v o lv e d  m od if ied  
n u c l e o t i d e s .  I t  i s  p o s s i b l e  th a t  th e  hydrogen bonding i n t e r a c t i o n  
between the ac4C-G and m2G*C base p a ir s  i s  weaker than in  a normal 
G*C base p a i r ,  r e s u l t i n g  in  an e a s i l y  d is r u p te d  d ih y d r o u r id in e  stem . 
T his  f e a tu r e  may h e lp  e x p la i n  why t h i s  tRNA forms a s t a b l e  denatured  
c o n fo r m a t io n .
1
INTRODUCTION
T r a n s fe r  r i b o n u c le i c  a c id s  (tRNA's) were p r e d ic te d  to  e x i s t  be­
fo re  th ere  was any ex p er im en ta l  e v id e n c e  o f  t h e i r  e x i s t e n c e .  In 1955  
enough was known about p r o te in  b io s y n t h e s i s  to  be a b le  to  p o s t u l a t e  
th a t  the sequence  o f  n u c le o t id e s  in  d e o x y r ib o n u c le ic  a c id  (DNA) d e ­
term ined the sequ en ce  o f  amino a c id s  in  a p r o t e in  ( 1 ) ,  but e s s e n t i a l l y  
n o th in g  was known about the mechanism o f  p r o t e in  b io s y n t h e s i s  or what 
provided  the s p e c i f i c i t y  fo r  the in t e r a c t i o n  between the p o ly n u c le o ­
t id e  seq u en ces  and th e  amino a c id s  th a t  would form the p r o t e in .  In 
order to  a ttem p t to  e x p la in  how an amino a c id  co u ld  be in s e r t e d  in t o  
a p r o te in  in  resp o n se  to  a s p e c i f i c  n u c le o t id e  s e q u e n c e ,  C rick  (2) 
p o s tu la t e d  th e  e x i s t e n c e  o f  20 sm a ll  "adaptor" n u c le i c  a c id s  to  which  
the 20 amino a c id s  were bound in  c o v a l e n t ,  h ig h -e n e r g y  bonds by 20 
d i f f e r e n t  enzym es. The amino a c id - c a r r y in g  "adaptor" m o le c u le s  were  
then proposed to  i n t e r a c t  w ith  s p e c i f i c  n u c le o t i d e  seq u en ces  o f  the  
p o ly n u c le o t id e  tem p la te  through hydrogen bonding .
S u b s e q u e n t ly ,  RNA f r a c t i o n s  were found (3 ) which w ould , in  th e  
a bsence  o f  r ib o s o m e s ,  bind l 4 C - la b e le d  amino a c id s  and which w ou ld ,  
in  th e  p resen ce  o f  a c e l l  f r e e  p r o t e in  s y n t h e s i s  sy stem  ( 4 ) ,  t r a n s f e r  
the amino a c id  to  a p o ly p e p t id e .  In s te a d  o f  the t r i p l e t  o l i g o n u c l e o ­
t i d e  proposed by C r ic k ,  how ever, the  RNA was found (4 )  t o  have a 
s e d im e n ta t io n  c o e f f i c i e n t  o f  about 4 S and a m o lecu lar  w e ig h t  o f  
a p p rox im ate ly  25,000. The RNA f r a c t i o n s  were s u b s e q u e n t ly  found to  
c o n s i s t  o f  a h e te r o g e n e o u s  array  o f  t r a n s f e r  RNA m o lec u le s  whose 
n u c le o t id e  seq u en ces  v a r ied  a c co r d in g  to  the amino a c id  which was 
s p e c i f i c a l l y  bound and a cco r d in g  to  the organism  from which they
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were i s o l a t e d .
T r a n s fe r  RNA's appear to  be o f  u n iv e r s a l  o c c u r r e n c e ,  h a v in g  been  
i s o l a t e d  from a n im a ls ,  p la n t s  and v a r io u s  m icroorgan ism s. There have  
been found to  be more than the p r e d ic te d  20 d i f f e r e n t  tRNA's, how ever,  
becau se  i t  has been found th a t  th e r e  i s  o f t e n  more than one s p e c i e s  o f  
tRNA per amino a c id  in  a g iv e n  organ ism . E s c h e r ic h ia  c o l i , for  
exam ple, has been found to  have a t o t a l  o f  56 d i f f e r e n t  tRNA's co d in g  
fo r  a t o t a l  o f  20 amino a c id s  (5 ) and human le u k o c y te  t i s s u e  c u l tu r e  
c e l l s  were found to  have 5 6 -6 6  tRNA's fo r  20 amino a c id s  (6 ) .  This  
i s  due t o  th e  f a c t  th a t  the g e n e t i c  code ( 7 ) i s  d e g e n e r a te ;  th e r e  i s  
more than one codon which w i l l  code fo r  the in c o r p o r a t io n  o f  an amino 
a c id  i n t o  a p r o t e in .  T h is  i n d i c a t e s  th a t  th e r e  i s  more than one tRNA 
per amino a c i d ,  but as proposed in  C r ic k ' s  wobble h y p o th e s i s  (8 )  i t  
i s  n ot  n e c e s s a r y  to  have a tRNA which s p e c i f i c a l l y  r e c o g n iz e s  each  
codon . A ccord in g  to  t h i s  h y p o t h e s i s ,  a tRNA w ith  the a n t ico d o n  IGC, 
fo r  exam p le , co u ld  p la c e  the amino a c id  a la n in e  i n t o  a p o ly p e p t id e  
c h a in  in  resp o n se  to  any o f  the  th r e e  codons GCU, GCC or GCA.
B i o l o g i c a l  F u n ct io n s  o f  T r a n s fe r  RNA
Because tRNA i s  an in t e g r a l  component o f  the  p r o t e in  b io s y n t h e s i s  
sy s te m , tRNA fu n c t io n  can not be f u l l y  a p p r e c ia te d  w ith o u t  an under­
s ta n d in g  o f  the e n t i r e  p r o c e ss  o f  p r o t e in  b i o s y n t h e s i s  and th e  s t e p s  
in  which tRNA m o lec u le s  are  in v o lv e d .  A summary o f  the major s t e p s  
o f  p r o t e in  b i o s y n t h e s i s ,  t h e r e f o r e ,  w i l l  be p r e s e n te d .  More com p lete  
rev iew s  o f  the s u b j e c t  can be found in  r e f e r e n c e s  9» 10 and 1 1 .
B efore  p r o te in  s y n t h e s i s  can o c c u r ,  an amino a c id  must be a t ­
tached  to  a s p e c i f i c  tRNA w ith  an a n t ico d o n  th a t  can hydrogen bond
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w ith  th e  mRNA t r i p l e t  c o d in g  fo r  th e  amino a c i d .  T h is  r e a c t i o n  i s  
c a t a ly z e d  by an aminoacyl-tRNA s y n th e ta s e  th a t  s p e c i f i c a l l y  r e c o g ­
n iz e s  th e  amino a c id  and the co rr esp o n d in g  tRNA. Every organism  has  
a t  l e a s t  one aminoacyl-tRNA s y n th e ta s e  per amino a c id  (9 ) .  The r e ­
a c t io n  appears to  take p la c e  in  two s t e p s  (9 )* The a c t i v a t i o n  s t e p  
r e q u ir e s  ATP and r e s u l t s  in  an enzyme bound am inoacyl a d e n y la te  
(amino acid-AMP). The second s t e p  i s  the  t r a n s f e r  o f  the amino a c id  
to  th e  3 ' hyd roxy l group (1 3 ) o f  the te r m in a l  a d en o s in e  o f  a s p e c i f i c  
tRNA m o le c u le ,  r e l e a s i n g  AMP.
The s p e c i f i c i t y  o f  the aminoacyl-tRNA s y n th e t a s e s  has to  be very  
h ig h  to  ensure  th e  b io s y n t h e s i s  o f  a c t i v e  p r o t e i n s .  The s p e c i f i c i t y  
in  th e  t r a n s f e r  s t e p  appears to  be h ig h e r  than th a t  o f  th e  a c t i v a t i o n  
s t e p ,  because a lth ou gh  the enzyme can sometimes a c t i v a t e  th e  wrong 
amino a c id  (1^)> t h i s  in c o r r e c t  amino a c id  i s  n o t ,  under normal con ­
d i t i o n s ,  t r a n s fe r r e d  to  the tRNA (9 ) .
The f i r s t  s t e p  in  the p r o c e ss  o f  th e  t r a n s l a t i o n  o f  th e  g e n e t ic
in fo r m a t io n  o f  a m essenger RNA stra n d  in t o  the amino a c id  sequence
o f  a p r o t e in  i s  the  form ation  (1 1 )  ( in  p r o k a r y o te s )  o f  an i n i t i a t i o n
complex between the 30 S r ibosom al s u b u n i t ,  the  mRNA a t  the  i n i t i a t i o n
Metcodon AUG, formylmethionyl-tRNA^ , GTP and i n i t i a t i o n  f a c t o r s  F l ,  F2 
and F 3 , which are l o c a l i z e d  on the 30 S r ibosom al su b u n it  ( 1 5 ) .  The 
F l p r o t e in  i s  r e l e a s e d  from the complex when, upon a d d i t io n  o f  the  
30 S s u b u n i t s ,  70 S ribosom es are  formed ( 1 6 ) .  The F2 p r o t e in  s t im u ­
l a t e s  b in d in g  o f  r ibosom es to  mRNA ( I 7 ) and i s  r e s p o n s i b le  fo r  the  
h ig h ly  s p e c i f i c  b in d in g  o f  fMet-tRNA to  th e  30 S r ib osom al s u b u n it -  
mRNA complex ( 1 8 ) .  The F3 p r o te in  i s  r e s p o n s ib le  f o r  th e  s p e c i f i c  
r e c o g n i t io n  o f  n a tu r a l  mRNA (1‘) ) .  I t  i s  p o s s i b l e  th a t  t h i s  i n i t i a t i o n
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f a c t o r  i s  r e s p o n s ib le  f o r  r e c o g n iz in g  which o f  the  AUG t r i p l e t s  o f  a 
mRNA are  a c t u a l l y  i n i t i a t i o n  t r i p l e t s  and which are  th e  AUG t r i p l e t s  
co d in g  fo r  m eth ion in e  in  the  in t e r n a l  p o r t io n s  o f  a p r o t e in .  D e te r ­
m in ation  (2 0 )  o f  th e  seq u en ces  in  th e  i n i t i a t i o n  r e g io n s  o f  th e  RI7 
phage RNA c i s t r o n s  fo r  th r e e  d i f f e r e n t  p r o te in s  le d  to  the  d is c o v e r y  
th a t  the i n i t i a t i o n  t r i p l e t  AUG i s  preceeded  by a seq uence  o f  s e v e r a l  
n u c le o t i d e s  which i s  n ot  t r a n s la t e d  but which may have a second ary  
s t r u c t u r e  r e s p o n s ib le  fo r  ex p o s in g  the  i n i t i a t i o n  AUG for  r ib osom al  
b in d in g .
The mechanism o f  p r o t e in  i n i t i a t i o n  in  eu k a ry o tes  appears to  be 
very  s im i l a r  to  th a t  o f  the p r o k a r y o te s ,  e x c e p t  th a t  m e th io n y l-  
tRNA^e t  (w ith  a f r e e  amino group) appears to  be used in  p la c e  o f  
form ylm eth ion in y l tRNA^e t  ( 2 1 ) .  The ex p er im en ta l  e v id e n c e  in d i c a t e s  
th a t  one o f  the i n i t i a t i o n  f a c t o r s  in  th e  e u k a r y o t ic  ribosome may be 
m essenger s p e c i f i c  ( 2 2 ) ,  so  th a t  mRNA from one t i s s u e  (or organism )  
cannot be t r a n s la t e d  by ribosom es and i n i t i a t i o n  f a c t o r s  from a n o th er .
A f t e r  the  form ation  o f  the i n i t i a t i o n  complex in  p ro k a ry o tes  and 
the a d d i t io n  o f  the 50 S su b u n it  to  form the  com plete  70 S r ib osom e,  
the i n i t i a t o r  tRNA i s  found to  be bound a t  the p e p t id y l  (p )  s i t e  on 
the ribosom e ( 1 1 ) .  The p r o c e ss  o f  p r o t e in  e lo n g a t io n  ( I 9 ) b eg in s  
when the aminoacyl-tRNA which r e c o g n iz e s  the n ex t  codon t r i p l e t  on 
the mRNA forms a complex w ith  two s o lu b le  e lo n g a t io n  p r o t e in s  (Tu and 
T s ) and GTP. (The e lo n g a t io n  p r o te in s  w i l l  n o t ,  how ever, complex  
w ith  the i n i t i a t o r  am in oacyl-tR N A .) T h is  complex a t t a c h e s  a t  the  
am inoacyl (A) s i t e  o f  the mRNA-ri bos 01110 complex which has the i n i ­
t i a t o r  tRNA in  the p e p t id y l  s i t e .  The GTP o f  the complex i s  then  
c le a v e d  to  GDP, and in o r g a n ic  p h osp h ate ,  Tu and GDP arc r e l e a s e d  from
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the r ibosom e. The ca rb o x y l  group o f  the form ylm eth ionine i s  then  r e ­
le a se d  from i t s  l in k a g e  to  th e  3 '  term in a l ad en os in e  o f  the  tRNA and 
i s  l in k e d  in  a p e p t id e  bond w ith  th e  Q'-amino group o f  the am inoacyl  
tRNA a t  the ribosom e A s i t e .  T h is  r e a c t io n  ( 2 l )  i s  c a t a ly z e d  by the  
enzyme p e p t i d y l t r a n s f e r a s e , which i s  an i n t e g r a l  p art  o f  th e  50 S 
ribosom al s u b u n i t ,  and su p ern a ta n t  f a c t o r s  and GTP are  not in v o lv e d  
in  the r e a c t i o n .  The newly formed peptidy l-tR N A  i s  s t i l l  in  s i t e  A 
( 2 ; ) .  E lo n g a t io n  f a c t o r  G and GTP are  r eq u ir ed  fo r  the r e l e a s e  o f  
the d isch a rg ed  tRNA from the P s i t e ,  the s h i f t  o f  th e  newly formed 
peptidyl-tR N A  from the A s i t e  to  the P s i t e  and fo r  the movement o f  
the ribosome a lo n g  the  mRNA by th e  le n g th  o f  one codon; GTP i s  c le a v e d  
in  the p ro c e ss  ( 2 5 ) .
The e lo n g a t io n  p r o c e s s  i s  rep ea ted  as amino a c id s  are added to  
the ca rb o x y l end o f  th e  p r o t e in  in  re sp o n se  to  s u c c e s s iv e  codons on 
the mRNA u n t i l  a t e r m in a t io n  codon i s  reach ed . A te r m in a t io n  p r o te in  
f a c t o r  (Rl or R2, depending on which o f  the te r m in a t io n  codons (UAA, 
UAG or UGA) i s  p r e s e n t )  then  forms a complex w ith  the term in a to r  codon  
and the ribosome ( 2 5 ) .  Another p r o te in  f a c t o r  ( S ) in c r e a s e s  both the  
r a te  o f  form ation  and th e  s t a b i l i t y  o f  t h i s  complex ( 2 5 ) .  A f te r  f o r ­
mation o f  th e  t e r m in a t io n  complex th e  R f a c t o r  i s  thought to  c o n v er t  
the p e p t id y l t r a n s f e r a s e  i n t o  a h y d r o la se  ( 1 1 ) ,  c a u s in g  the t r a n s f e r  
o f  the p ep t id y  m oiety  o f  p e p t id y l  tRNA to  w ater  r a th e r  than t o  amino- 
acyl-tR N A , thereby  r e l e a s i n g  th e  p o ly p e p t id e  from the r ibosom e.
Another p r o te in  f a c t o r  has been i s o l a t e d  th a t  r e l e a s e s  th e  d e a c y la te d  
tRNA from the ribosome ( 2 6 ) .
P r o te in  b i o s y n t h e s i s ,  a lth ou gh  the main fu n c t io n  o f  tRNA, i s  not 
the on ly  fu n c t io n  th a t  some tRNA's have been found to  perform . In
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f a c t ,  i n v e s t i g a t i o n s  o f  four b a c t e r i a l  s t r a i n s  have le d  to  th e  d i s ­
covery  o f  f i v e  tRNA's which do not f u n c t io n  in  p r o t e in  b io s y n t h e s i s  
a t  a l l  (2 7 ) .  These tRNA's are  S ta p h lo c o c c u s  aureus tRNAG*y ,
M icrococcus r o s e u s  tRNA^r , S ta p h lo c o c c u s  e p id e r m id is  tRNA^er  and
q X v ^  X 3
tRNA , and A rth ro b a c ter  c r y s t a l l o p o i e t e s  tRNA . They f u n c t io n  in
b a c t e r i a l  c e l l  w a l l  s y n t h e s i s  o n ly ,  t r a n s f e r r i n g  t h e i r  r e s p e c t i v e
amino a c id s  in t o  the  p en ta p ep tid e  b r id g e s  l i n k i n g  the  p e p t id o g ly c a n
stra n d s  o f  th e  c e l l  w a l l s .  The r e a c t io n  i s  c a t a ly z e d  by a p a r t i c u l a t e
enzyme f r a c t i o n .
T ra n sfer  RNA has a l s o  been fou nd , in  a t  l e a s t  one c a s e ,  to  be
in v o lv ed  d i r e c t l y  in  the r e g u l a t i o n  o f  amino a c id  b i o s y n t h e s i s .
H i sH ist id y l- tR N A  from S a lm o n e lla  typhimurium has been i d e n t i f i e d  as
the r e p r e s s o r  for  the  operon c o n t a in in g  th e  gen es  which code fo r  the
enzymes r e s p o n s ib le  fo r  the b io s y n t h e s i s  o f  h i s t i d i n e  ( 2 8 ) .  I t  i s
H isnot known e x a c t l y  how th e  h is t id y l - tR N A  b in d s  to  the DNA to  fu n c-
' H ist i o n  as a r e p r e s s o r ,  but i t  has been found ( 2 9 ) th a t  a mutant tRNA
which d i f f e r s  from th e  w i ld  type in  h a v in g  two u r id in e  r e s id u e s  in
p la c e  o f  two p seu d o u r id in e  r e s id u e s  in  the  a n t ico d o n  stem  and loop  i s
unable to  fu n c t io n  a s  a r e p r e s s o r  o f  h i s t i d i n e  b i o s y n t h e s i s ,  a lth ou gh
i t  can be charged w ith  the amino a c id  a s  normal.
Some tRNA s p e c ie s  have been found to  p o s s e s s  c y t o k in in  a c t i v i t y .
C y to k in in s ,  s u b s ta n c e s  which promote c e l l  d i v i s i o n ,  growth and
m orphogenesis in  p la n t s  (2 7 , 3 0 ) ,  have been found in  the  tRNA's from
b a c t e r i a ,  p la n t s  and mammals, and in  f a c t ,  tRNA appears to  be the
on ly  c e l l u l a r  component which p o s s e s s e s  t h i s  a c t i v i t y  ( 2 7 ) .  In a
study  o f  c y t o k in in  d i s t r i b u t i o n  in  the tRNA s p e c i e s  o f  E . c o l i  Kl2
( i 0 )  i t  was found th a t  the  f o l lo w in g  tRNA's can a c t  as c y t o k in in s :
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tRNAP h e , tRNALeU UUG, tRNASer UGG, tRNAT y r , and tRNAT rp . A l l  o f
t h e s e  tRNA's were found to  r e c o g n iz e  codons w ith  the i n i t i a l  n u c le o -
Ij 6LI
t i d e  U, and a l l  e x c e p t  the  tRNA fo r  the codon UUG, which has not  
been seq u en ced ,  have the  m o d if ied  n u c le o t id e  ms2 i 6A ( 2 - th io m e th y l-  
N6 - i s o p e n t e n y la d e n o s in e ) im m ed ia te ly  f o l l o w in g  (3 '  s i d e )  the a n t i ­
codon o f  the tRNA ( 7 6 , 7 9 ,  8 5 , 8 2 ) .  In y e a s t  tRNATyr (8 3 ) ,  y e a s t  
tRNA^er  UCC, UCU (7 7 )  and r a t  l i v e r  tRNA^er  ( 7 8 ) which are  th e  o th er  
c y t o k in in  tRNA's which have been seq u en ced , th e  a n t ic o d o n  i s  fo l lo w e d  
by i°A  (N6 - i s o p e n t e n y la d e n o s in e ) .  A ccord in g  to  Armstrong e t  a l .  ( 3 0 ) ,  
com parative  s t u d i e s  on the ch em ica l s t r u c t u r e  and grow th-prom oting  
a c t i v i t y  o f  c y t o k in in s  s t r o n g ly  s u g g e s t  th a t  p h y s ic a l - c h e m ic a l  p ro­
p e r t i e s  o f  th e  s id e  c h a in  (which i s  b e l i e v e d  to  p r o j e c t  over  th e  
a n t ic o d o n  t r i p l e t ) ,  r a th e r  than th e  p r e s e n c e  o f  a s p e c i f i c  c h e m ic a l ly  
r e a c t i v e  group are r e s p o n s ib le  fo r  th e  c y t o k in in  a c t i v i t y  o f  the  
N ° - s u b s t i t u t e d  a d e n o s in e s .  I t  i s  n o t  c l e a r  w hether th e s e  N6 - s u b s t i -  
tu te d  a d e n o s in e s  can a c t  a lo n e  as c y t o k in in s  or w hether th ey  have to  
be in  the  tRNA. But i t  i s  proposed (3 0 ) th a t  in  th e  tRNA, the  modi­
f i e d  a d e n o s in e s  a f f e c t  the  co d o n -a n tico d o n  i n t e r a c t i o n ,  and th a t  
v a ry in g  l e v e l s  o f  t h e s e  c y t o k in in  tRNA s p e c i e s ,  perhaps s u b j e c t  to  
hormonal c o n t r o l ,  co u ld  be an e f f e c t i v e  means o f  r e g u l a t i n g  r e l a t i v e  
r a t e s  o f  p r o t e in  b i o s y n t h e s i s .
There are  o th e r  in s t a n c e s  in  which l e v e l s  o f  tRNA appear to  i n ­
f lu e n c e  r e l a t i v e  r a t e s  o f  b i o s y n t h e s i s  o f  p r o t e i n s .  The i n f e c t i o n  o f  
E. c o l i  B by T4 phage seems to  be an example o f  t h i s .  The T4 phage 
has been found to  code f o r  a t  l e a s t  f i v e  tRNA's, based on the a b i l i t y  
to  h y b r id iz e  w ith  the phase DNA: tRNA*A U, tRNA^y , tRNA^r ^, tRNAPr° ,
3
tRNA**e ( 3 1 ) ;  a s i x t h  T4 -coded  tRNA ( f o r  s e r i n e )  has a l s o  been found
(8 0 ) .  I t  h as  been found (3 1 )  u s in g  tR N A -tr ip le t  b in d in g  a s s a y s  (3 2 )
th a t  the T4 phage-coded tRNA's r e c o g n iz e  codons which are  a l s o
r e c o g n iz e d  by E. c o l i  tRNA's, but th e s e  h o s t  tRNA's appear to  be
p r e s e n t  in  lower amounts than o th e r  i s o a c c e p t i n g  tRNA's, i . e . ,  they
are  not the major tRNA fo r  a g iv e n  amino a c i d .  For exam p le , the
major tRNA fo r  a r g in in e  in  E. c o l i  appears to  r e c o g n iz e  th e  codon
CGU; th e r e  i s  no T4 tRNAArg w hich r e c o g n iz e s  t h i s  codon . T h is  E. c o l i
tRNAArg a l s o  r e c o g n iz e s  the  codon CGA (wobble h y p o t h e s i s )  which i s
r e c o g n iz e d  o n ly  s l i g h t l y  by the  T4 tRNAA r g . The codons AGA and AGG,
how ever, s t im u la t e  r e l a t i v e l y  l i t t l e  b in d in g  o f  E. c o l i  [ ^ j A r g -
tRNAArg to  the r ibosom es (a p p ro x im a te ly  10^, o f  the CGU coded b in d in g ) ,
but th e s e  codons s t im u la t e  about 8 -1 0  t im es  as much T4 [ ^  ]Arg-tRNAArg
b in d in g  as E. c o l i  JArg-tRNAArg b in d in g  (31)*  T h is  i n d i c a t e s  th a t
Air £the E. c o l i  has o n ly  a minor p o r t io n  o f  i t s  tRNA which w i l l  r e -
Air £c o g n iz e  t h i s  codon . The T4 -coded  tRNA , t h e r e f o r e ,  r e c o g n iz e s  a 
codon fo r  a r g in in e  which i s  n ot  the p r in c i p a l  one used by E. c o l i  
mRNA.
I t  was a l s o  found (3 1 ) th a t  th e  p r e a c y la te d  T4 tRNA's n o t  o n ly  
t r a n s f e r r e d  t h e i r  amino a c id s  in t o  p o ly p e p t id e s  a s  e f f i c i e n t l y  as  the  
p r e a c y la te d  E. c o l i  tRNA's, but a l s o  th a t  th e  T4 tRNA's were more 
e f f i c i e n t  w ith  T4 mRNA's than w ith  E. c o l i  mRNA's.
The appearance o f  an i s o a c c e p t i n g  tRNA which r e c o g n iz e s  a codon  
th a t  was p r e v io u s ly  on ly  r a r e ly  used makes i t  p o s s i b l e  to  p r e fe r e n ­
t i a l l y  read mRNA's which use t h i s  codon for  the g iv e n  amino a c i d .  I t  
then becomes p o s s i b l e  to s y n t h e s i z e  a p r o te in  which perhaps was not  
a p p r e c ia b ly  or e f f i c i e n t l y  s y n th e s i z e d  b e fo re  due to  s c a r c i t y  o f  a
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tRNA to  r e c o g n iz e  the codons used in  i t s  mRNA. T h is  may be an impor­
ta n t  way in  which tRNA's r e g u l a t e  p r o t e in  s y n t h e s i s .  I t  has been  
observed  th a t  the r e l a t i v e  l e v e l s  o f  i s o a c c e p t i n g  tRNA's change  
(perhaps in  r e sp o n se  to  hormonal c o n t r o l )  in  v a r io u s  organism s a t  
d i f f e r e n t  s ta g e s  o f  growth (3 3 )  or d u r in g  c e l l  d i f f e r e n t a t i o n  or 
embryonic developm ent (3 * 0 .  I t  i s  q u i t e  l i k e l y  th a t  t h e s e  ch an ges in  
tRNA l e v e l s  make i t  p o s s i b l e  to  s y n t h e s i z e  one gene product more 
e f f i c i e n t l y  than a n o th e r ,  th ereb y  ch an g in g  the p h y s i o l o g i c a l  s t a t e  o f  
the c e l l  an d /or  organism .
B io s y n t h e s i s  o f  T ra n sfer  RNA
The r e g u l a t i o n  o f  the  b io s y n t h e s i s  o f  tRNA i s  not u n d e rs to o d ,  
but the genes co d in g  fo r  the E. c o l i  tRNA's have been i s o l a t e d  (3 5 ) -  
These tRNA c i s t r o n s  have been found to  com prise  0 .0 4 - 0 . 0 6 ^  o f  the  
E. c o l i  genome and may be lo c a te d  a t  a d ja c e n t  p o s i t i o n s  on the  
chromosome.
The b io s y n t h e s i s  o f  the mature tRNA m o lec u le  d e f i n i t e l y  appears  
to  proceed through a p recu rso r  tRNA in  view  o f  the r e c e n t  work con ­
ducted  on an E. c o l i  t y r o s in e  p recu rso r  m olecu le  ( 3 6 ) .  The ^ P - l a b e l e d  
precu rsor  tRNA was i s o l a t e d  from E. c o l i  in f e c t e d  w ith  $80 phage which  
had an E. c o l i  mutant t y r o s in e  tRNA gene in s e r t e d  in  the  phage genome. 
A n a ly s is  o f  Ti and p a n c r e a t ic  RNase f i n g e r p r i n t s  o f  th e  p recu rso r  and 
o f  the mature tRNA showed t h a t  th e  p recu rsor  began w ith  a 5 ' PPPGp 
and th a t  i t  had 38  n u c l e o t i d e s  b e fo r e  the 5 ' end o f  the  tRNA m o le c u le .  
The CpCpAoH p r e s e n t  in  a l l  tRNA's was found in  th e  p recu rso r  m o le c u le ,  
but n ot  a t  the  3' end. There were 3 a d d i t io n a l  n u c le o t i d e s  a t  the 3' 
end o f  the p r e c u r s o r ,  so  th a t  i t  ended w ith  the sequence
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. . .CpCpApUpCpUoH. A n u c le a s e  a c t i v i t y  was a l s o  found in  E. c o l i  
e x t r a c t s  which c le a v e d  th e  p recu rso r  m o lecu le  s p e c i f i c a l l y  to  produce  
mature tRNA ( 3 6 ) .  I t  was found th a t  m o d i f i c a t io n  o f  the  n u c le o t i d e s  
was u n n ecessary  fo r  t h i s  c l e a v a g e ,  and i t  was p o s tu la t e d  th a t  the  
secondary s t r u c t u r e  (hydrogen bonded base p a ir i n g )  o f  the p recu rso r  
m o lecu le  i s  im portant in  d e term in in g  the r a te  o f  i t s  c l e a v a g e  in t o  
the tRNA m o le c u le .
The tRNA m olecu le  th a t  i s  formed from th e  p recu rso r  tRNA appears  
to  c o n ta in  no m o d if ied  n u c l e o t i d e s ,  c o n f ir m in g  th a t  the  m o d i f ic a t io n  
o f  the n u c le o t i d e s  o f  tRNA m o le c u le s  occu rs  a t  th e  l e v e l  o f  the  
p o ly n u c le o t id e .  Most o f  the m o d i f i c a t io n s  o f  tRNA's in v o lv e  m eth y la -  
t i o n ,  and s p e c i f i c  m e th y la s e s  th a t  use S -a d e n o sy lm e th io n in e  are  i n ­
v o lv e d  ( 3 7 ) .  M eth y lases  have been found in  a l l  organism s s t u d ie d .
I t  has been found (3 8 ) th a t  th e  p a t t e r n  o f  m e th y la t io n  v a r i e s  from 
organism  to  organism  as  w e l l  as w i t h in  the  same organism  a t  d i f f e r e n t  
s ta g e s  o f  developm ent o f  d i f f e r e n t i o n .  The s p e c i f i c i t y  o f  the  
m eth y la ses  has been found to  be q u i t e  h ig h ;  y e a s t  has been fou n d , fo r  
exam ple, to  have a t  l e a s t  e i g h t  ty p e s  o f  m e th y la s e s ,  ju d g in g  from 
t h e i r  s p e c i f i c i t i e s  a c c o r d in g  to  p o s i t i o n  o f  m e th y la t io n  and the sub­
s t r a t e  n u c le o t id e  (39)*  The s p e c i f i c  f u n c t i o n s ( s )  o f  th e  m ethyl 
groups in  the tRNA i s  n ot  known. M e t h y l - d i f i c i e n t  tRNA's e x h i b i t  
d im in ish ed  b i o l o g i c a l  a c t i v i t y  (^ 0 ) ,  in d i c a t i n g  th a t  the m ethyl groups  
are im portant e i t h e r  i n d i r e c t l y  (by s t a b i l i z a t i o n  o f  the tRNA co n ­
form ation )  or d i r e c t l y  (by involvem ent in  enzyme r e c o g n i t io n  s i t e s )  
for  tRNA a c t i v i t y .
Enzymes th a t  s p e c i f i c a l l y  c a t a ly z e  the a d d i t io n  o f  i s o p e n te n y l  
groups ( J | l ) and th io  groups (Ji<’) have a l s o  been found.
1 1
P u r i f i c a t i o n  o f  T ra n sfer  RNA
T ra n sfer  RNA's were f i r s t  p u r i f i e d  from crude RNA e x t r a c t s  by 
the use o f  c o u n te r c u r r e n t  d i s t r i b u t i o n  (U3 ) .  T h is  te ch n iq u e  makes 
use o f  the d i f f e r e n t i a l  s o l u b i l i t i e s  o f  v a r io u s  tRNA's in  a two phase  
s o lv e n t  system  produced by phosphate b u f f e r ,  pH 6 ,  formamide and 
i s o p r o p a n o l .  D i f f e r e n c e s  in  hydrophobic i n t e r a c t i o n s  between the  
tRNA's and o r g a n ic  and aqueous phases le a d  t o  s e p a r a t io n  o f  the  
tRNA's a f t e r  s e v e r a l  hundred s u c c e s s i v e  t r a n s f e r s .
As new procedures  for  the use o f  column chromatography in  th e  
p u r i f i c a t i o n  o f  tRNA s p e c i e s  were d e v e lo p e d ,  th e s e  tech n iq u es  r e ­
p laced  th e  u se  o f  co u n te r c u r r e n t  d i s t r i b u t i o n .  B en zo y la ted  DEAE- 
c e l l u l o s e ,  which s e p a r a te s  tRNA's by io n  exchange as w e l l  as  hydro-  
phobic i n t e r a c t i o n s ,  was the f i r s t  im portant type o f  column used  
(Mi-). MAK (m eth y la ted  albumin k i e s e l g u r )  columns in  which the  
denatured  p r o te in  adsorbs  the tRNA (^5) have been u s e d ,  as  have  
D E A E -c e l lu lo se , Sephadex, and DEAE-Sephadex colum ns. R everse  phase  
chromatography ( b6 )  in  which an io n  exchange agen t  (a q u artern ary  
ammonium compound) i s  p ar t  o f  a s t a b l e  o r g a n ic  phase (d im e t h y ld i la u r y l -  
ammonium c h lo r id e  in  i s o a m y la c e t a t e ) mixed w ith  hydrophobic d iatom a-  
ceous  e a r th  (Chromosorb W) i s  very  e f f e c t i v e  in  th e  s e p a r a t io n  o f  
tRNA's. The column i s  e lu t e d  w ith  a NaCl s o l u t i o n  in  T r is  b u f fe r  
(n e u tr a l  pH) s a tu r a te d  w ith  i s o a m y la c e t a t e .  The column thus combines  
io n  exchange w ith  hydrophobic i n t e r a c t i o n .  The most r e c e n t l y  d e v e l ­
oped tech n iq u e  fo r  the  p u r i f i c a t i o n  o f  tRNA i s  g e l  e l e c t r o p h o r e s i s  
(h'f) which s e p a r a te s  tRNA's on the b a s i s  o f  d i f f e r e n c e s  in  charge and 
m olecu lar  volume.
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T ra n sfer  RNA Sequence D eterm in ation
The f i r s t  d e te r m in a t io n  o f  a n u c le o t id e  sequence o f  a p u r i f i e d
tRNA was conducted  by H o l le y  e t  a l .  (4 8 )  on a la n in e  tRNA from b a k er ’ s
y e a s t .  The f i r s t  s t e p  in  th e  p r o c e s s  o f  the sequence d e te r m in a t io n
Alawas the com plete  d i g e s t i o n  o f  th e  tRNA w ith  p a n c r e a t ic  r ib o n u c le a s e
(RNase) which c l e a v e s  RNA s p e c i f i c a l l y  a t  p yrim id in e  or m od if ied
pyrim id in e  r e s i d u e s .  T h is  was fo l lo w e d  by the  com p lete  d i g e s t i o n  o f  
Alathe tRNA w ith  Ti RNase which c l e a v e s  RNA a t  G or m o d if ied  G r e s i ­
d u es .  DEAE-Sephadex and D E A E -ce llu lo se  column chromatography w ere  
used fo r  the s e p a r a t io n  o f  the p rod u cts  ( 4 9 ) .  The seq u en ces  o f  the  
products  were determ ined  by en zym atic  d i g e s t i o n  or a l k a l i n e  h y d r o l­
y s i s ,  fo l lo w ed  by paper chromatography or e l e c t r o p h o r e s i s  and UV 
s p e c t r a l  i d e n t i f i c a t i o n  o f  th e  n u c e lo t i d e s  ( 4 9 ) .
The d e te r m in a t io n  o f  the seq u en ces  o f  th e  Ti and p a n c r e a t ic  
RNase products  and th e  o v e r la p p in g ,  where p o s s i b l e ,  o f  the seq u en ces  
from the two d i g e s t i o n s  made i t  p o s s i b l e  to  e x p r e s s  th e  s t r u c t u r e  o f  
a la n in e  tRNA in  terms o f  the 16 o l i g o n u c l e o t i d e s  ( 4 8 ) .  The d e t e r ­
m ination  o f  the order o f  th e s e  o l i g o n u c l e o t i d e s  in  th e  tRNA m olecule  
was made p o s s i b l e  by the d is c o v e r y  th a t  Ti RNase, under c o n t r o l l e d  
c o n d i t io n s  o f  tem perature and le n g th  o f  d i g e s t i o n ,  would in c o m p le te ly  
d i g e s t  the tRNA, making i t  p o s s i b l e  to  i s o l a t e  la r g e  fragm ents con­
t a in in g  in t e r n a l  G r e s id u e s  (4 8 ,  5 0 ) .
The d e te r m in a t io n  o f  the n u c le o t id e  seq uences  o f  the o l i g o ­
n u c le o t id e s  from p a r t i a l  d i g e s t i o n  w ith  Tj. RNase (5 0 )  in v o lv e d  the  
s e p a r a t io n  o f  the o l i g o n u c l e o t i d e s  in  D E A E -cellu lose  columns in  7 M 
urea a t  5r/ '  , fo l lo w e d  by com p lete  d i g e s t i o n  o f  the p u r i f i e d  o l i g o ­
n u c le o t id e s  w ith  Ti RNase, s e p a r a t io n  o f  the p rodu cts  in  7 M urea
1?
D E A E -ce llu lo se  columns and a n a l y s i s  o f  n u c le o t i d e  seq u en ces  o f  the  
products  as  d e s c r ib e d  in  r e f e r e n c e  1*9.
I t  was p o s s i b l e  to  arrange th e  o l i g o n u c l e o t i d e s  from th e  p a r t i a l  
Ti RNase d i g e s t i o n  in  an unambiguous order  which d eterm ined  the  s e ­
quence o f  th e  77 n u c le o t i d e s  in  y e a s t  a la n in e  tRNA (1+8).
C o n s id e r a t io n  o f  the n u c le o t i d e  sequence  o f  th e  tRNA in  terms o f  
p o s s i b l e  con form ation s  in  s o l u t i o n  le d  H o l le y  to  propose (1*8) th r e e  
p o s s i b l e  arrangem ents o f  the n u c l e o t i d e s  in t o  s h o r t ,  base p a ired  
double stran ded  r e g io n s  a l t e r n a t i n g  w ith  s i n g l e  s tran ded  r e g io n s .
One o f  th e s e  proposed models was th e  " c lo v e r l e a f "  model which h a s ,  
w ith  the su bseq u en t d e te r m in a t io n  o f  s e v e r a l  tRNA se q u e n c e s ,  been  
g e n e r a l ly  a cce p te d  as the b e s t  model o f  tRNA secon dary  s t r u c t u r e .
Another tech n iq u e  th a t  has become w id e ly  used in  th e  d e term in a­
t io n  o f  the n u c le o t i d e  sequence  o f  tRNA's was d ev e lo p e d  by Sanger  
e t  a l .  ( 9 0 ) .  T h is  t e c h n iq u e ,  which i s  much more ra p id  than th e  p ro­
ced u res  used by H o l l e y ,  u se s  2 -d im e n s io n a l  h ig h - v o l t a g e  io n o p h o r e s is  
to  s e p a r a te  Ti and p a n c r e a t ic  r ib o n u c le a s e  d i g e s t s  o f  ^ P - l a b e l e d  
RNA. The f i r s t  d im ension  o f  the f r a c t i o n a t i o n  i s  conducted  on c e l l u ­
lo s e  a c e t a t e  a t  pH 3.5> th e  second  i s  cond ucted  on DEAE-paper a t  
pH 1 . 9 .  R adioautographs a re  made by e x p o s in g  X -ray f i l m  to  the 32p-  
la b e le d  products  a f t e r  co m p le t io n  o f  the f r a c t i o n a t i o n ,  and p rodu cts  
are i d e n t i f i e d  by t r a v e l  d i s t a n c e  in  th e  two d im en s ion s  or by fu r th e r  
enzym atic  d i g e s t i o n .
The n u c le o t id e  seq u en ces  o f  1*6 tRNA s p e c i e s  have been determ ined  
u s in g  e i t h e r  th e  te c h n iq u e s  d eve lop ed  by H o l le y  or th o se  d eve lop ed  by 
Sanger. The tRNA's whose n u c le o t i d e  seq u en ces  arc  known a t  the p r e ­
s e n t  time arc l i s t e d  below.
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tRNA a n t ic o d o n  so u rce  r e f e r e n c e
Ala IGC B a k er 's  y e a s t 51
Argj. ICG E. c o l i 52
A rgn GCG E. c o l i 53
ArgXI ICG B rew er's  y e a s t 5^
ArgI I I XCU B rew er's  y e a s t 55
Asp GUC B rew er's  y e a s t 56
GLuH u*uc E. c o l i  B 57
Gly-j. ccc S a lm o n e lla  typhimurium 58
G ly iA ucc S ta p h y lo c o c c u s  au reu s H 59
G ly l A , IB ucc S ta p h y lo c o c c u s  e p id e r m id is 60
His G*UG S a lm o n e lla  typhimurium 61
His G*UG E. c o l i 62
l i e u IAU y e a s t  (T o r u lo p s is  u t i l i s ) 63
l i e u GAU E. c o l i 6k
Leui CAG E. c o l i  B and Kl2 65
Leu2 GAG E. c o l i  K12 66
Leu3 m5CAA B a k er 's  y e a s t 6 7 , 68
Leu U*AA T4 phage coded 69
LySj CUU h a p lo id  y e a s t 70
LySI I U*UU B a k er 's  y e a s t 71
Met CAU E. c o l i 72
Metm C*AU E. c o l i 73
Phe m2 'GAA B a k er 's  y e a s t 7k
Phe m2 'GAA w heat germ 75
Phe GAA E. c o l i 76
S er l* 2 IGA B a k er 's  y e a s t 77
S e r i , I I , I I I IGA, GCU
r a t  l i v e r 78
S e r i oacUGA E. c o l i 79
Ser NGA T4 phage coded 80
Trp m2 ' CCA B ak er's  y e a s t 81
Trp su+ ,su CCA E. c o l i 82
Tyr G U B ak er's  y e a s t 85
Tyr gya T o r u lo p s is  u t i l i s 8<t
Tyr su+ ,su GkUA E. c o l i 85
1 ' ,
tRNA a n t ico d o n  so u rce  r e f e r e n c e
Val IAC B a k er 's  y e a s t  86
Val IAC T o r u lo p s is  u t i l i s  87
V alI XAC E. c o l i  B and Kl2 88
Val GAC E. c o l i  K12 89cA  « f_U i 1-
(U*, C*, G* and N are  m od if ied  n u c l e o t i d e s . )
Secondary and T e r t ia r y  S tr u c tu r e  o f  T ra n sfer  RNA
In a d d i t io n  to  t h e i r  n u c le o t id e  sequ ences  which com prise t h e i r  
primary s t r u c t u r e s ,  tRNA m o le c u le s  appear to  p o s s e s s  secondary  s t r u c ­
tu re  produced as th e  s i n g l e  s tran ded  tRNA f o l d s  back on i t s e l f  to  
form hydrogen bonded base p a ired  r e g i o n s .  I t  h as  been p o s s i b l e  to  
arrange a l l  o f  th e  tRNA's whose n u c le o t i d e  seq u en ces  are  known ( 5 l _8 9 )  
in t o  s h o r t  double  stran ded  r e g io n s  o f  3 t o  7 base p a ir s  con n ected  by 
s i n g l e  s tran d ed  r e g io n s  o f  unpaired  b a s e s .  The most g e n e r a l ly  a c ­
cep ted  (1 )  model o f  tRNA secondary  s t r u c t u r e  i s  the  c l o v e r l e a f  model 
w h ich ,  as p r e v io u s ly  m en tioned , was proposed by H o l le y  (U8 ) .  An 
example o f  t h i s  s t r u c t u r e  i s  shown in  f ig u r e  j k  o f  t h i s  d i s s e r t a t i o n .
Judging from the f a c t  th a t  a l l  o f  the known tRNA seq u en ces  can  
be arranged in  the c l o v e r l e a f  s t r u c t u r e ,  i t  would seem th a t  i t  i s  a 
f a i r l y  a c c u r a te  model o f  the  tRNA secondary  s t r u c t u r e .  I t  has n ot  y e t  
been proven to  be th e  a c t u a l  con form ation  o f  the  tRNA m o le c u le s ,  but 
th e r e  i s  a good d e a l  o f  ex p er im en ta l  e v id e n c e  in d i c a t i n g  th a t  the  
tRNA m o le c u le s  do e x i s t  in  a con form ation  w ith  many o f  the c h a r a c ­
t e r i s t i c s  o f  the c l o v e r l e a f  model.
C ir c u la r  d ich ro ism  s t u d i e s  (100 )  o f  tRNA in  s o l u t i o n  in d ic a t e  
th a t  th e r e  are base s ta c k in g  i n t e r a c t i o n s  between n e ig h b o r in g  n u c le o ­
t i d e s  o f  the tRNA. When the tRNA s o l u t i o n  i s  h ea ted  in  th e  p resen ce
- j -  I
o f  Mg the am p litu de  o f  th e  CD band d e c r e a s e s  s h a r p ly  over  a narrow 
tem perature range w h i le  the UV absorbance in c r e a s e s  sh a r p ly  over  the  
same ra n g e ,  in d i c a t i n g  a l o s s  o f  UV h y p o ch ro m ic ity  (100) .  Both o f  
th e s e  o b s e r v a t io n s  are  r e f l e c t i o n s  o f  the d i s r u p t io n  o f  base s t a c k in g  
and in d ic a t e  th a t  above the tRNA's "m elting"  tem p era tu re ,  which v a r ie s  
w ith  the tRNA and w ith  th e  i o n i c  s t r e n g th  o f  the s o l u t i o n  (100, 10H ), 
the secondary  s t r u c t u r e  o f  the tRNA i s  d i s r u p t e d ,  p o s s i b l y  r e s u l t i n g  
in  a random c o i l .
Optical, r o t a t o r y  d i s p e r s io n  s t u d i e s  (101) a l s o  i n d ic a t e  th a t  a t  
tem peratures  about i t s  "m elting"  p o in t  the tRNA e x i s t s  in  a random 
c o i l  w ith o u t  hydrogen bonding or base s t a c k in g .  This denatured  form 
o f  the tRNA does n o t  p o s s e s s  b i o l o g i c a l  a c t i v i t y  (loU). A d d it io n a l  
ORD s t u d i e s  o f  the con form ation  o f  tRNA a t  tem p eratu res  where i t  
p o s s e s s e s  b i o l o g i c a l  a c t i v i t y  in d ic a t e  (101) th a t  th e  n a t iv e  secondary  
s t r u c tu r e  o f  tRNA c o n ta in s  hydrogen bonding as  w e l l  as base s ta c k in g  
i n t e r a c t i o n s .
From the CD and ORD s t u d i e s  o f  tRNA, i t  can be concluded  th a t  
tRNA m o lec u les  p o s s e s s  double s tran ded  r e g io n s  w ith  hydrogen bonded 
base p a ir in g  and base s t a c k i n g ,  but th e  data  does not show w hether or 
not the n u c le o t i d e s  in  the s i n g l e  stran ded  r e g io n s  o f  the tRNA a l s o  
have base s t a c k in g  i n t e r a c t i o n s .  This q u e s t io n  was i n v e s t i g a t e d  (102) 
by the use o f  c y c lo h ep ta a m y lo se  which was found (102) to  in t e r a c t  
o n ly  w ith  a d e n o s in e ,  forming an in c l u s i o n  com plex. I t  was found not  
to r e a c t  w ith  a d en o s in e  r e s id u e s  which were in v o lv e d  in  hydrogen  
bonding in  a h e l i x .  I t  was observed  (102) th a t  the f r e e  base or the  
n u c le o t id e  in  an unstack ed  environm ent re a c te d  w ith  cy c lo h ep ta a m y lo se  
to give a d e c r e a se  in  UV a b s o r p t io n ,  but r e a c t io n  o f  the
1Y
cy c lo h ep ta a m y lo se  w ith  a d en o s in e  r e s id u e s  in  a polymer w ith  base  
s t a c k in g  r e s u l t e d  in  an in c r e a s e  in  UV a b so rb a n c e ,  due t o  d i s r u p t io n  
o f  the base s t a c k in g  r e s p o n s ib le  fo r  UV hypochromism. The r e a c t io n  o f  
cy c lo h ep ta a m y lo se  w ith  i n t a c t  tRNA^3 * ,  tRNA^e and tRNA^**’ r e s u l t e d
(102 )  in  an in c r e a s e  in  UV a b so rb a n c e ,  in d i c a t i n g  th a t  the ad en os in e  
r e s id u e s  n o t  in  h e l i c a l  r e g io n s  were in  s i n g l e  stran ded  r e g io n s  w ith  
base s t a c k in g .  T h is  in d ic a t e d  t h a t  th e  s i n g l e  s tran ded  r e g io n s  o f  
the tRNA secondary  s t r u c t u r e  are  base s ta ck ed  r e g i o n s .
The p resen ce  o f  double stran ded  h e l i c a l  r e g io n s  w ith  base  
s t a c k in g  and s i n g l e  s tran ded  r e g io n s  w ith  base s t a c k in g  i s  c o n s i s t e n t  
w ith  the  c l o v e r l e a f  model o f  tRNA secon dary  s t r u c t u r e  but i s  in  no 
way proof o f  t h i s  model.
The b e s t  ex p er im en ta l  e v id e n c e  th a t  tRNA m o le c u le s  e x i s t  in  a 
c l o v e r l e a f  secondary  s t r u c t u r e  has been o b ta in ed  by ch em ica l modi­
f i c a t i o n s  o f  tRNA. The aim o f  t h i s  approach (1 0 3 )  *-s to  d i s t i n g u i s h  
between n u c le o t id e  r e s id u e s  th a t  are  r e a c t i v e  and th o se  th a t  are  
r e s i s t a n t  toward a re a g e n t  th a t  i s  s p e c i f i c  but which does  n ot  a l t e r  
th e  con form ation  o f  th e  tRNA. U n r ea c t iv e  r e s id u e s  are  presumed to  
l i e  in  hydrogen bonded h e l i c a l  r e g io n s  and r e a c t i v e  r e s id u e s  are  
assumed to  be in  the s i n g l e  stran d ed  more exposed  r e g io n s  o f  the  
tRNA. By knowing the  n u c le o t id e  sequence o f  a tRNA and by i d e n t i ­
f y in g  which o f  the r e s id u e s  have been c h e m ic a l ly  m o d if ied  i t  i s  p o s ­
s i b l e  to  t e l l  which r e g io n s  o f  the tRNA a re  in  s i n g l e  s tran ded  lo o p s .  
E viden ce  from exp er im en ts  o f  t h i s  n a tu re  i s  summarized by G au ss,  e t  
a l .  (105 )  and i n d i c a t e s  th a t  n u c le o t i d e s  which are  proposed to  be in  
s i n g l e  s tranded  loops in  th e  c l o v e r l e a f  model are indeed found in  
s i n g l e  s tranded  r e g io n s .
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Chemical m o d i f ic a t io n s  o f  b a ses  in  tRNA can a l s o  be used  to  
e x p lo r e  the th r e e -d im e n s io n a l  arrangement o f  th e  loop s  o f  th e  c l o v e r ­
l e a f .  R e s u l t s  o f  such e x p e r im e n ts ,  rev iew ed  by th e  same au th ors
(103 )  > in d ic a t e  th a t  the a n t ic o d o n  loop and th e  3 1 end o f  th e  tRNA 
are  a c c e s s i b l e  to  r e a g e n ts  and, t h e r e f o r e ,  probably exposed  in  the  
t e r t i a r y  s t r u c t u r e  o f  the tRNA. The T^C loop  i s  n o t  very  a c c e s s i b l e  
to  r e a g e n t s ,  in d ic a t i n g  th a t  i t  i s  probably  b u ried  in  th e  t e r t i a r y  
s t r u c t u r e .
The b e s t  way to  o b ta in  the most d i r e c t  and a c c u r a te  in fo rm a t io n  
about th e  con form ation  o f  tRNA m o le c u le s  i s  by the use o f  X-ray d i f ­
f r a c t i o n  t e c h n iq u e s .  This was n o t  p o s s i b l e  u n t i l  3 or b years  ago  
because c r y s t a l s  o f  tRNA were n o t  a v a i l a b l e  p r io r  to  th a t  t im e. Kim 
e t  a l .  (IOU) ob ta in ed  c r y s t a l s  o f  y e a s t  p h e n y la la n in e  tRNA th a t  gave  
a d i f f r a c t i o n  p a t te r n  w ith  2 .3  X r e s o l u t i o n .  The u n i t  c e l l  o f  the
c r y s t a l s  was found to  be one m olecu le  t h i c k ,  two m o lec u le s  w id e ,
Pheand two m o lec u le s  lo n g ,  and th e  d im ension s  o f  th e  tRNA w ere d e ­
term ined to  be 33 ^ x 28 X x 80  X .
Ptl6 OThe d i f f r a c t i o n  p a t te r n  o f  tRNA a lo n g  th e  33 A a x i s  had a
d i s t r i b u t i o n  o f  d i f f r a c t i o n  i n t e n s i t y  th a t  i s  c h a r a c t e r i s t i c  o f  a 
h e l i x  (10U).  The p a t te r n  a l s o  in d ic a te d  th a t  the b a ses  o f  the h e l i x  
were t i l t e d  away from an o r i e n t a t i o n  a t  r i g h t  a n g le s  to  the a x i s  o f  
the h e l i x .  T h is  o b s e r v a t io n  agreed  w ith  th e  observed  CD data  fo r  
tRNA (lOO): The n o n -c o n s e r v a t iv e  CD spectrum ob ta in ed  fo r  tRNA i n ­
d ic a te d  th a t  the b ases  were t i l t e d  a t  some g iv e n  a n g le  away from the  
p erp en d icu la r  p la n e .
When the X-ray d i f f r a c t i o n  p a t te r n  a lo n g  the 36 X a x i s  (perp en ­
d ic u la r  to  the V> X a x i s )  was o b ta in e d ,  i t  was found to  have the
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d i s t r i b u t i o n  o f  i n t e n s i t i e s  e x p e c te d  f o r  a h e l i x  (loU).
S in c e  a h e l i x  look s  the same from a l l  s i d e s ,  w h i le  th e  tRNA X -ray  
p a t te r n s  d i f f e r e d  w ith  the  d i r e c t i o n  from which th e  m o lecu le  was 
v iew ed , th e  r e s u l t s  cou ld  o n ly  be e x p la in e d  i f  the  h e l i c a l  p o r t io n s  
o f  the tRNA m o lecu le  have a le n g th  o f  ap p rox im ate ly  h a l f  a com plete  
tu r n ,  th ereb y  c o n ta in in g  U-7 base p a i r s .  I f  th e r e  are  s e v e r a l  such  
h e l i c a l  r e g io n s  in  th e  tRNA m o le c u le ,  i t  i s  l i k e l y  (10U) th a t  they
are  p a r a l l e l  to  each o th e r .
The r e s u l t s  o f  X -ray d i f f r a c t i o n  s t u d i e s  o f  tRNA are  th e r e f o r e  
c o n s i s t e n t  w ith  the c l o v e r l e a f  model o f  secondary  s t r u c t u r e .
The a c t u a l  3 -d im e n s io n a l  arrangement o f  a tRNA m o le c u le ,  d e ­
s c r ib i n g  th e  s p a t i a l  r e l a t i o n s h i p s  o f  the r e g io n s  o f  th e  secondary  
c l o v e r l e a f  s t r u c t u r e ,  had n ot  been d eterm in ed , but th e r e  are s e v e r a l
models th a t  have been proposed fo r  tRNA t e r t i a r y  s t r u c t u r e .
The model proposed by Cramer e t  a l .  (105 )  was based m ainly  on
the r e s u l t s  o f  N -o x id a t io n  o f  the non-hydrogen bonded a d en o s in e  r e -
Phes id u e s  in  y e a s t  tRNA . The r e s u l t s  showed th a t  o n ly  four  o f  the A 
r e s id u e s  ( in c lu d in g  th e  3 ' term in u s)  were u n p a ired , in d i c a t i n g  the  
form ation  o f  hydrogen bonded base p a ir s  between b ases  in  d i f f e r e n t  
loops o f  th e  c l o v e r l e a f  s t r u c t u r e .  In Cramer's m odel, the  a n t ico d o n  
arm i s  d ir e c t e d  away from the o th e r  th r e e  arms o f  the c l o v e r l e a f  
which are fo ld e d  t i g h t l y  t o g e t h e r .  The . . .G p G p . . .  sequence  in  the  
d ih y d r o u r id in e  loop i s  hydrogen bonded to  the . . . C p C p . . .  sequence in  
the 3' end . The . . .A p G p . . .  sequence in  the d ih y d r o u r id in e  loop  i s  
hydrogen bonded to  the  . . .Y p C p . . .  sequence in  th e  TYC lo o p .  The 
t o t a l  geometry of the m o lecu le  i s  determ ined by the s i z e  o f  the d i ­
h yd rou r id in e  loop and the c e n t r a l  p o r t io n  o f  the c l o v e r l e a f ,  g iv in g
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a unique t e r t i a r y  s t r u c t u r e  fo r  each tRNA.
The most w id e ly  favored  model o f  t e r t i a r y  s t r u c t u r e  i s  th a t  pro­
posed by L e v i t t  ( 1 0 6 ) .  In t h i s  m odel, the  am inoacyl arm i s  s ta ck ed  
on the TYC arm and the  d ih y d r o u r id in e  arm i s  s ta c k e d  on th e  a n t ic o d o n  
arm to  form two d o u b l e - h e l i c a l  s t r u c t u r e s .  The aminoacyl/TYC h e l i c a l  
s ta c k  i s  p laced  above th e  d lh y d r o u r id in e /a n t ic o d o n  h e l i c a l  s ta c k  so  
t h a t  the h e l i x  axes  are  p a r a l l e l  and about 10  X a p a r t ,  r e s u l t i n g  in  a 
long  t h in  m o le c u le .  The c e n t e r  o f  the m o lecu le  i s  formed by hydrogen  
bonding in t e r a c t i o n s  among n u c le o t i d e s  in  th e  TYC lo o p ,  the d ih y d ro ­
u r id in e  lo o p ,  the  m in i lo o p ,  and the  two n u c le o t i d e s  between th e  
am inoacyl and d ih y d r o u r id in e  arms.
L e v i t t ' s  t e r t i a r y  s t r u c t u r e  model was c o n s tr u c te d  so  th a t  i t
would be c o n s i s t e n t  w ith  most ex p er im en ta l o b s e r v a t io n s ,  e s p e c i a l l y
th o se  in v o lv in g  th e  r e a c t i v i t y  o f  n u c le o t i d e s  in  v a r io u s  r e g io n s  o f
the c l o v e r l e a f  o f  the  tRNA (1 0 3 )  and th e  o b s e r v a t io n  (107 )  th a t  a
ph otoch em ica l l in k a g e  occu rs  between s 4Us  and C i3 in  s e v e r a l  E. c o l i
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tRNA's. The model i s  d e f in e d  in  d e t a i l  so  th a t  a s p e c t s  o f  i t  can be 
t e s t e d  e x p e r im e n ta l ly .
Schem atic  diagrams o f  o th e r  proposed t e r t i a r y  models are  a l s o  
g iv e n  by L e v i t t  ( 1 0 6 ) .
R e g a rd le s s  o f  which model o f  t e r t i a r y  s t r u c t u r e  i s  c o r r e c t ,  a 
s p e c i f i c  3 “d im en s io n a l  arrangement o f  the tRNA secon dary  s t r u c t u r e  
d e f i n i t e l y  appears to  be r eq u ir ed  fo r  the b i o l o g i c a l  a c t i v i t y  o f  the  
tRNA. T h is  i s  ev id e n c ed  by th e  f a c t  th a t  th e  d i s r u p t io n  o f  secondary  
and t e r t i a r y  s t r u c t u r e  th a t  has been shown to  occu r  w ith  h e a t in g  
(100, LOO), p a r a l l e l s  a l o s s  in  b i o l o g i c a l  a c t i v i t y  (10‘>).
The thermal d e n a tu r a t io n  o f  tRNA to  a s i n g l e  s tran ded  s t r u c t u r e
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w ith  no hydrogen bonding and very  l i t t l e  base  s t a c k in g  i n t e r a c t i o n s  
(101 )  ( i . e . ,  to  a random c o i l )  has been shown to  be c o m p le te ly  r e -  
v e r i s b l e  when a s s e s s e d  by a v a r i e t y  o f  p h y s i c a l - c h e m ic a l  and b i o ­
l o g i c a l  c r i t e r i a  ( 1 0 9 ) .  The r e v e r s a l  o f  t h i s  therm al d e n a tu r a t io n
-f- |
can be e a s i l y  accom p lished  by s low  c o o l i n g  in  th e  p r e s e n c e  o f  Mg 
or in c u b a t io n  w ith  Mg a t  room tem perature fo r  a s h o r t  p er io d  o f  
time ( I 0 9 ) ,  i n d i c a t i n g  th a t  the secon d ary  and t e r t i a r y  s t r u c t u r e  o f  
a tRNA r e s u l t s  from th e  i n t e r a c t i o n  o f  a s p e c i f i c  n u c le o t i d e  sequen ce  
w ith  en v ironm en ta l c o n d i t io n s  o f  tem perature and i o n i c  s t r e n g t h  (1 1 0 ) .
W hile most tRNA m o le c u le s  w i l l  r e a d i l y  assume t h e i r  b i o l o g i c a l l y  
a c t i v e  c o n fo r m a t io n s ,  go in g  from the random c o i l  denatured  form to  
the n a t iv e  secondary  and t e r t i a r y  s t r u c t u r e  a t  moderate c o n d i t io n s  o f  
tem perature and io n ic  s t r e n g th  ( 1 1 0 ) ,  th e r e  are  some tRNA s p e c i e s  
th a t  can be shown to  e x i s t  in  a den atu red  form th a t  i s  s t a b l e  under  
th e se  c o n d i t io n s  (1 1 0 ) .  T h is  b i o l o g i c a l l y  i n a c t i v e  c o n fo r m a t io n ,  
which appears to  have a d e f i n i t e  secondary  and t e r t i a r y  s t r u c t u r e  
r a th e r  than e x i s t i n g  a s  a random c o i l  ( 1 1 1 ) ,  w i l l  be c a l l e d  denatured  
tRNA in  su bseq u en t d i s c u s s i o n s .  A random c o i l  d en atured  form w i l l  
be s p e c i f i c a l l y  d e s ig n a te d  as  su ch .
"Renaturable" Y ea st  L eucine  T ra n s fer  RNA
Three s p e c i e s  o f  l e u c in e - a c c e p t i n g  tRNA's w ere i s o l a t e d  from 
b a k er 's  y e a s t  by L in dah l e t  a l .  (1 1 0 )  u s in g  c o u n te r c u r r e n t  d i s t r i b u ­
t i o n .  One o f  th e s e  l e u c in e  tRNA's d id  n ot  show amino a c id  a c c e p to r  
a c t i v i t y  u n t i l  i t  was p re in cu b a ted  a t  60° fo r  5 m inu tes  in  the  p re -
|  |  Q
sen ce  o f  Mg . In cu b a t io n  a t  25 in  th e  p r e se n c e  o f  Mg , w hich w i l l  
bring  about the r e n a tu r a t io n  o f  random c o i l  d enatured  tRNA's ( 1 1 0 ) ,
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d id  not r e s u l t  in  a b i o l o g i c a l l y  a c t i v e  form o f  t h i s  l e u c in e  tRNA 
(1 1 0 ) .  T h is  o b s e r v a t io n  in d ic a t e d  th a t  the h ig h e r  tem perature was 
r e q u ir e d  to  d is r u p t  th e  second ary  and t e r t i a r y  s t r u c t u r e  o f  th e  b i o ­
l o g i c a l l y  i n a c t i v e  tRNA b e fo r e  i t  was a b le  to  assume i t s  n a t i v e ,  
a c t i v e  co n fo r m a t io n .  The denatured  form o f  t h i s  l e u c in e  tRNA, t h e r e ­
f o r e ,  appears to  have a p p rox im ate ly  th e  s t a b i l i t y  o f  n a t iv e  tRNA, 
s in c e  the secon d ary  and t e r t i a r y  s t r u c t u r e  o f  n a t iv e  tRNA i s  a l s o  
d is r u p te d  by h e a t in g  a t  60° (1 0 0 ) .
F u rther  s t u d i e s  (1 1 5 )  showed th a t  th e  r e n a tu r a t io n  o f  the d e ­
natured  form o f  t h i s  y e a s t  l e u c in e  tRNA r e s u l t e d  in  a b i o l o g i c a l l y  
a c t i v e  form th a t  was i n d i s t i n g u i s h a b l e  from th e  n a t iv e  form o f  the  
tRNA i s o l a t e d  by m ild te c h n iq u e s  ( H 5 ) th a t  d id  not cau se  d en atu ra -  
t i o n .  T h is  dem onstrated  t h a t  the d e n a tu r a t io n -r e n a tu r a t io n  p r o c e s s  
i s  c o m p le te ly  r e v e r s i b l e .
Other tRNA's th a t  can be made to  e x i s t  in  a s t a b l e  denatured  
form have been i s o l a t e d .  A " ren atu rab le"  tryptop hane tRNA was found  
in  E. c o l i  ( 1 1 2 ) ,  and L indahl e t  a l .  found a " ren a tu ra b le"  a r g i n i n e -  
a c c e p t in g  tRNA in  y e a s t  as w e l l  as  E. c o l i  " ren atu rab le"  tRNA's for  
g lu ta m in e ,  g lu tam ic  a c id  and h i s t i d i n e .  Subsequent w ork, u s in g  
Sephadex G-100 co lum ns, le d  to  the p u r i f i c a t i o n  o f  " ren atu rab le"  
y e a s t  tRNA's fo r  m eth ion in e  and g lu tam in e  ( H 3 ) .  A " ren atu rab le"  
p h e n y la la n in e  tRNA has a l s o  been i s o l a t e d  ( l l i+ ) .
The d i s c o v e r y  (1 1 0 )  th a t  i t  was p o s s i b l e  to  trap  a tRNA m o lecu le  
in  a b i o l o g i c a l l y  in a c t i v e  form d em on stra ted , fo r  th e  f i r s t  t im e ,  
th a t  tRNA's have d e f i n i t e  t e r t i a r y  s t r u c t u r e  and th a t  a s p e c i f i c  
con form ation  i s  req u ired  fo r  b i o l o g i c a l  a c t i v i t y .
To attem p t to  ga in  in fo rm a tio n  about the co n fo rm a tio n a l
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d i f f e r e n c e s  between the n a t i v e ,  b i o l o g i c a l l y  a c t i v e  form and the  
d en a tu red ,  in a c t i v e  form o f  " ren a tu ra b le"  l e u c in e  tRNA, Adams e t  
a l .  ( H I )  compared the hydrodynamic p r o p e r t i e s ,  the  b eh av ior  in  
Sephadex G-100 g e l  f i l t r a t i o n ,  and th e  o p t i c a l  p r o p e r t ie s  o f  the two 
c o n fo r m a t io n s .
A com parison ( H I )  o f  the m o lecu la r  w e ig h ts  o f  the two forms 
showed th a t  the  denatured  form i s  not a dimer or h ig h e r  a g g reg a te  o f  
th e  n a t iv e  form. The denatured  tRNA was found to  have a h ig h e r  i n ­
t r i n s i c  v i s c o s i t y ,  a lower s e d im e n ta t io n  c o e f f i c i e n t ,  and a f a s t e r  
t r a v e l  r a t e  in  a Sephadex G-100 column than th e  n a t iv e  tRNA, i n d i ­
c a t in g  th a t  i t  has a more expanded a n d /o r  more asymmetric s t r u c t u r e .
A com parison o f  th e  UV absorbance s p e c tr a  o f  the two forms o f  
th e  tRNA (1 1 1 )  showed t h a t  th e  denatured  form has e s s e n t i a l l y  the  
same amount o f  h y p o ch ro m ic ity  as the n a t iv e  form. T his  in d ic a te d  
th a t  th e  denatured  form has ap p ro x im a te ly  a s  much base s t a c k in g  and 
secondary s t r u c t u r e  as the n a t iv e  tRNA and co n firm s th a t  the  
denatured form i s  n o t  a random c o i l .
The c i r c u l a r  d ic h r o ism  and o p t i c a l  r o t a t o r y  d i s p e r s io n  cu rves  
o f  the two con form ation s  o f  th e  tRNA were very  s im i l a r  ( 1 1 1 ) ,  ex c e p t  
fo r  a s l i g h t  (2-3 mp,) s h i f t  to  lo n g e r  w ave len gth  in  go in g  from the  
n a t iv e  to  th e  denatured  form. T h is  red s h i f t  co u ld  be in te r p r e te d  
a s  an i n d i c a t i o n  th a t  th e r e  i s  a sm a ll  n e t  d e c r e a se  in  the number o f  
base p a ir s  in  th e  denatured  form.
The denatured  form o f  the tRNA was found to  be much more s u s c e p t i ­
b le  to  d i g e s t i o n  by p a n c r e a t ic  RNase than th e  n a t iv e  tRNA ( 1 1 1 ) ,  i n d i ­
c a t i n g  th a t  r e g io n s  o f  th e  tRNA th a t  w ere i n a c c e s s i b l e  to  enzyme a t t a c k  
in  the n a t iv e  form were exposed  in  the denatured  form o f  the tRNA.
I t  i s  n o t  known i f  the  d e n a tu r a t io n -r e n a tu r a t io n  p r o c e s s  fo r  t h i s  
y e a s t  l e u c in e  tRNA occu rs  in  v iv o  as w e l l  a s  in  v i t r o .  I f  th e  dena­
tu red  form o f  th e  tRNA does occur in  the  c e l l ,  i t  would be a means o f  
r e g u l a t i n g  the f u n c t io n a l  l e v e l  o f  the tRNA and th ereb y  r e g u l a t i n g  
p r o t e in  s y n t h e s i s  a t  the t r a n s l a t i o n a l  l e v e l .  I t  seems r a th e r  un­
l i k e l y ,  how ever, th a t  th e  denatured form o f  the  tRNA does e x i s t  in  the  
c e l l ,  e s p e c i a l l y  in  view o f  the f a c t  th a t  when a m ild  method o f  e x ­
t r a c t i o n  o f  tRNA from th e  c e l l  (U -5 ) was used in  p la c e  o f  the standard  
phenol e x t r a c t i o n  method (93)» the denatured  form o f  the l e u c in e  tRNA 
was not found. T his  in d ic a te d  th a t  t h i s  form o f  th e  tRNA d id  not  
e x i s t  in  the c e l l ,  but was formed d uring  the i s o l a t i o n  p roced u re .
Another in d ic a t i o n  th a t  the denatured  form o f  the le u c in e  tRNA
i s  n ot  found in  v iv o  comes from exp er im en ts  ( H 7 ) which showed th a t
y e a s t  phenyla lan ine-tR N A  s y n t h e t a s e ,  when p re in cu b a ted  w ith  y e a s t  
PhetRNA , can transform  the denatured  form o f  th e  tRNA in t o  the  n a t i v e ,  
a c t i v e  form. T h is  tRNA e v i d e n t l y  does not form as s t a b l e  a denatured  
form as " ren atu rab le"  y e a s t  a la n in e  tRNA, because  i t  can o n ly  be 50$, 
denatured (H H ) .  But i f  o th e r  " ren atu rab le"  tRNA's are a l s o  found to  
be a b le  to  be ren atu red  by t h e i r  aminoacyl-tRNA s y n t h e t a s e s ,  i t  would  
seem very u n l ik e l y  th a t  the denatured  forms o f  th e s e  tRNA's would  
e x i s t  in  the  c e l l  in  the p resen ce  o f  the  enzym es.
The f a c t  th a t  some tRNA's can r e a d i l y  e x i s t  in  denatured  con ­
form ation s  which have d e f i n i t e  secon dary  and t e r t i a r y  s t r u c t u r e  i n ­
d ic a t e s  th a t  th e se  s t r u c t u r e s  are  r e l a t i v e l y  s t a b l e ,  and the f a c t  th a t  
th e se  tRNA's art' e a s i l y  denatured  in  the p ro cess  o f  i s o l a t i o n  i n d i ­
c a t e s  th a t  t h e i r  n a t iv e  con form ation s  are  more u n s ta b le  than th o se  o f  
the m a jo r ity  o f  tRNA's. The secondary  and t e r t i a r y  s t r u c t u r e  o f  tRNA
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i s  assumed to  be a consequ en ce  o f  n u c le o t i d e  se q u e n c e ,  ju d g in g  from 
the o b s e r v a t io n s  t h a t ,  under a p p r o p r ia te  c o n d i t i o n s ,  d e n a tu r a t io n  to  
a random c o i l  i s  e n t i r e l y  r e v e r s i b l e  (1 0 9 ) .  I t  w a s ,  t h e r e f o r e ,  o f  
i n t e r e s t  to  determ ine what f e a t u r e ( s )  o f  the primary s t r u c t u r e  o f  
" ren atu rab le"  y e a s t  l e u c in e  tRNA was r e s p o n s ib le  fo r  the r e l a t i v e  
i n s t a b i l i t y  o f  the n a t iv e  con form ation  and fo r  the a b i l i t y  o f  the  
tRNA to  e x i s t  in  the b i o l o g i c a l l y  i n a c t i v e ,  s t a b l e  denatured c o n f o r ­
mation .
I t  was a l s o  o f  i n t e r e s t  to  determ ine the n u c le o t id e  sequence o f  
t h i s  tRNA, because the seq u en ces  o f  o n ly  15 s p e c ie s  o f  tRNA were 
known when t h i s  work was s t a r t e d ,  and more in fo rm a tio n  was needed 
about the n u c le o t id e  seq u en ces  o f  tRNA's in  order to  understand the  
s t r u c tu r e  o f  tRNA and to  a ttem p t to  c o r r e la t e  s t r u c t u r e  and b i o l o g i c a l  
f u n c t i o n .
2 6
MATERIALS AND METHODS
P r e p a r a t io n  o f  B en zoy la ted  D E A E -ce llu lose
B en zoy la ted  D E A E -ce llu lo se  ( B D - c e l l u l o s e ) was prepared by the  
method o f  G illam  e t  a l .  (9 1 ) .  One hundred grams o f  Whatman D EAE-cellu­
lo s e  (DE-23) th a t  had been d r ie d  o v e r n ig h t  a t  80° under vacuum was 
suspended in  2 ,5 0 0  ml o f  w a t e r - f r e e  p y r id in e  in  a 5 l i t e r  round-bottom  
f l a s k .  Benzoyl c h lo r id e  ( I 90  g ,  2 .2  mole per mole o f  a n h y d r o g lu c o se ) 
was added. The m ixture was then  w e l l  s t i r r e d ,  h ea ted  under r e f l u x  fo r  
I 5 m in u tes ,  c o o le d  s l i g h t l y ,  and an oth er  90  g o f  ben zoy l c h lo r id e  was 
added. The s o l u t i o n  was then  h ea ted  g e n t ly  under r e f l u x  ( in  e i t h e r  an 
o i l  bath or h e a t in g  m an tle )  fo r  an a d d i t io n a l  30 m inutes u n t i l  the  s o ­
l u t i o n  was dark red and v i s c o u s .  I t  was a llo w ed  to  c o o l  s l i g h t l y  and 
was then poured s lo w ly  as a t h in  stream  in to  U0 l i t e r s  o f  w ater  w ith  
v igorou s  s t i r r i n g  to  produce s t r i n g - l i k e  s t r a n d s .  A f t e r  I 5 m in u tes ,  
the su pern atan t was poured o f f ,  and th e  product was washed r e p e a te d ly  
w ith  w a te r .  The f ib e r s  were ground b r i e f l y  in  a Waring b le n d e r .  The 
m ixture was then poured through a s i e v e  (50  m esh),  and la r g e r  p a r t i c l e s  
were re tu rn ed  fo r  r e - g r in d in g .
A s u i t a b ly  s i z e d  g l a s s  column was packed w ith  the ground m a ter ia l  
which was then  washed w ith  w a te r ,  95$  a lc o h o l  and 1 :1  a lc o h o l - lM  NaCl 
u n t i l  e s s e n t i a l l y  a l l  m a te r ia l  w ith  an absorbance a t  260  mp, was r e ­
moved. The B D - c e l lu lo s e  was then washed w ith  2 M NaCl and, f i n a l l y ,  
w ith  w a te r .
P rep ara tion  ol D E A E -cellu lose  for Column Chromatography
D E A E -cellu lose  (Whatman DE-2''>) was suspended in  w ater  (100 g in
2 l i t e r s  o f  H20 ) ,  packed in t o  a la r g e  g l a s s  column and washed w ith  ap­
p ro x im a te ly  1 l i t e r  o f  0 .5  M NaOH u n t i l  the  dark band th a t  formed had 
washed out o f  th e  column. I t  was then  washed w ith  w a ter  to  n e u tr a l  pH 
(ap p rox im ate ly  k  l i t e r s ) ,  w ith  0 . 5  M HC1, w ith  w a ter  to  n e u t r a l  pH, 
w ith  1 l i t e r  o f  1 M NaCl and w ith  w a te r .  I t  was then  s to r e d  in  the  
c o ld  room u n t i l  needed .
P re p a r a t io n  o f  B io g e l  P -2  fo r  Column Chromatography
P o lyacry lam id e  g e l ,  B io g e l  P -2  (100-200  m esh ),  purchased from B io -  
Rad, was suspended in  a d i l u t e  ammonia s o l u t i o n  (pH 8 - 9 ) and a l lo w e d  
to  s w e l l  o v e r n ig h t  a t  room tem p era tu re .  U s u a l ly ,  100 g o f  B io g e l  was 
suspended in  1 l i t e r  o f  d i l u t e  ammonia. The B io g e l  was then  packed  
in t o  g l a s s  chromatography columns (2  x 100  cm ), washed fu r th e r  w ith  the  
d i l u t e  ammonia s o l u t i o n ,  and was ready fo r  u s e .
P r e p a r a t io n  o f  Sephadex G-lQO fo r  Column Chromatography
Sephadex G -1 0 0 , (Pharmacia) was suspended in  O .I 5 M NaCl, 0 .0 1  M 
T r i s - C l ,  pH 7 . 0 ,  0 .5  M EDTA and 5 mM MgCl2 In th e  c o ld  room o v e r n ig h t .
A chromatography column (3 x 120 cm or 3 x 1^5 cm) was packed w ith  the  
Sephadex G-100 and was e q u i l i b a r a t e d  in  th e  c o ld  room w ith  th e  above 
b u f f e r .
I s o l a t i o n  o f  Crude Aminoacyl-tRNA S y n th e ta s e
Crude aminoacyl-tRNA s y n th e ta s e  was prepared u s in g  a m o d i f ic a t io n  
of the method o f  H oskinson  and Khorana (1 1 8 ) .
F le isch m a n n 's  b a k e r 's  y e a s t  cake (100 g ,  o b ta in ed  l o c a l l y )  was 
suspended in  100 ml o f  a b u f fe r  c o n s i s t i n g  o f  0 .0 5  M T r i s - c h l o r i d e  
(pH 7 . 3 ) ,  5 mM MgClo and 0 . 0 2  M 3 -m e r c a p to e th a n o l . To t h i s  s lu r r y  was
was added ^00 g o f  ac id -w ashed  g la s s  beads (G eneral M i l l s ,  50 -1 0 0  mesh) 
and the m ixture was homogenized by te n  3 0 -seco n d  b le n d in g s  in  a Waring 
b le n d e r .  The p r o c e s s  was conducted  on i c e  in  th e  c o ld  room and th e  
m ixture was c o o le d  to  *4° between b le n d in g s .  The tem perature d id  not 
r i s e  above 8° .
The su p ern a ta n t  f r a c t i o n  was rec o v ered  by d e c a n t a t io n ,  and the  
g la s s  beads were washed th r e e  t im es  w ith  50 ml o f  th e  b u f f e r .  The com­
bined e x t r a c t s  w ere c e n t r i f u g e d  a t  1 6 ,0 0 0  x g in  a S o r v a l l  RC2-B c e n ­
t r i f u g e  f o r  30 m inutes  a t  0 ° .  The su p ern a ta n t  was a d ju s te d  to  pH 7-5  
w ith  2 M NH4OH, and 1 M BaCl2  was s lo w ly  added w ith  s t i r r i n g  to  y i e l d  
a f i n a l  c o n c e n tr a t io n  o f  0 . 1  M BaCl2 . A f t e r  10 m in u tes ,  the p r e c i p i ­
t a t e  was removed by c e n t r i f u g a t i o n .
A 50% str e p to m y c in  s u l f a t e  s o l u t i o n  was then  added d ro p -w ise  to  
the s t i r r e d  su p e rn a ta n t  s o l u t i o n  to  y i e l d  a f i n a l  c o n c e n tr a t io n  o f  
20 mg per ml. A f t e r  10 m inutes th e  p r e c i p i t a t e  was removed by c e n ­
t r i f u g a t i o n  a t  1 6 ,0 0 0  x g fo r  20 m in u tes .  The pH o f  th e  su p ern a ta n t  
was a d ju s te d  to  7 -5  w ith  2 M NH40H and s o l i d  ammonium s u l f a t e  was added 
s lo w ly ,  w ith  s t i r r i n g ,  to  y i e l d  a 0 . 1  M s o l u t i o n .  A f te r  10 m in u te s ,  
the p r e c i p i t a t e d  barium s u l f a t e  was removed by c e n t r i f u g a t i o n  a t
1 6 ,0 0 0  x g fo r  20 m in u tes .  The su p e rn a ta n t  s o l u t i o n  was th en  a d ju s te d  
to  80^ s a t u r a t io n  w ith  s o l i d  ammonium s u l f a t e  added s lo w ly  w ith  s t i r ­
r in g  in  the c o ld  room. The p r e c i p i t a t e  was c o l l e c t e d  by c e n t r i f u g a ­
t io n  and was d i s s o l v e d  in  a minimal volume (about 10  m l) o f  a b u f fe r  
c o n t a in in g  0 . 0 l  M T r i s - c h l o r i d e  (pH 7«5)> 0 .0 0 1  M MgCl2 and 0 .0 2  M 
H -m ercaptoethanol and was a p p l ie d  to  a Sephadex G-25 column which had 
been e q u i l i b r a t e d  in  the c o ld  room w ith  the same b u f f e r .  The column 
was e lu t e d  w ith  the b u f fe r  and the f r a c t i o n s  (2 m l/ tu b e )  were assayed
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fo r  aminoacyl-tRNA s y n th e ta s e  a c t i v i t y .  The a s sa y  f o r  enzyme a c t i v i t y  
made use  o f  the p a p e r -d is c  method o f  Nishimura and N o v e l l i  ( 9 2 ) .  An 
a ssa y  " c o c k ta i l"  was p rep ared , c o n s i s t i n g  o f  O.OI5 M MgCl2 j 0 . 2  mM 
EDTA, .01 M g -m e r c a p to e th a n o l , 5 mM ATP, 0 . 1  M T r i s - C l ,  pH 7*5 » approx­
im a te ly  5 A260 u n i t s /m l  o f  crude tRNA and 1 .5  p c i  o f  l 4 C la b e le d  pro­
t e i n  h y d r o ly s a te /m l  (purchased  from A m ersham /Searle) .  F i f t y  p i  o f  the  
c o c k t a i l  was added to  a 10 p i  a l i q u o t  o f  e v e r y  t h ir d  tube from th e  c o l ­
umn; the remainder o f  the a s s a y  was conducted  as d e s c r ib e d  on page 3 8 .
The f r a c t i o n s  c o n t a in in g  aminoacyl-tRNA s y n th e t a s e  a c t i v i t y  were  
p o o le d ,  and an equ a l volume o f  c o ld  g ly c e r o l  was added. The enzyme was 
then  s to r e d  as the  50$  g l y c e r o l  s o l u t i o n  in  th e  f r e e z e r  u n t i l  needed .
I t  was s t a b l e  fo r  s e v e r a l  months.
P r e p a r a t io n  of Crude Y east tRNA
Crude y e a s t  tRNA was prepared a c co r d in g  to  the  method o f  H o l le y  e t  
a l .  (9 3 ) .  For the i s o l a t i o n  o f  the crude tRNA, I 5 l b s .  o f  l o c a l l y  pur­
chased  F le isch m a n n ' s b a k e r 's  y e a s t  was suspended in  8 l i t e r s  o f  d i s ­
t i l l e d  w a te r .  An equal volume o f  w a te r - s a t u r a t e d  phenol was added to  
the s l u r r y ,  and th e  r e s u l t i n g  27  l i t e r s  were shaken fo r  2 -3  h o u rs .
Over a p er iod  o f  two d a y s ,  the  phenol and c e l l  d e b r is  w ere se p a ­
ra ted  from the tR N A -conta in ing  aqueous (upper) phase by c e n t r i f u g a t i o n  
a t  5° fo r  50 m inutes a t  8 - 9OOO rpm in  a S o r v a l l  RC2-B c e n t r i f u g e ,  
u s in g  the GSA r o t o r .  The su p e rn a ta n t  aqueous phase was c o l l e c t e d  by 
u s in g  a s u c t io n  b o t t l e .  The combined su p e rn a ta n t  was made 0 . 1  M in  
potassium  a c e t a t e  by the a d d i t io n  o f  s o l i d  KOAc, and th e  RNA was p r e ­
c i p i t a t e d  by the  a d d i t io n  o f  two volumes o f  c o ld  9 3 $ e th a n o l  in  the  
cold room. The p r e c i p i t a t e d  RNA was rec o v ered  by c e n t r i f u g a t i o n ,
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r e d i s s o lv e d  in  w a te r ,  and a p p l ie d  to  a D E A E -ce llu lo se  column 
(2 x 100 cm) th a t  had been e q u i l i b r a t e d  w ith  0 . 1  M NaCl in  0 .0 1  M
T r is -C l  pH 7*5 i-n the c o ld  room. The column was washed w ith  the  same
b u f fe r  u n t i l  the  A260 o f  th e  e f f l u e n t  s o l u t i o n  had f a l l e n  to  a p p r o x i­
m ately  0 .1  A260  per ml.
The column was then  e l u t e d  w ith  1 M NaCl in  0 .0 1  M T r i s -C l  pH 7*5- 
The RNA was d e te c t e d  by m easuring the  ab sorb an ce ,  a t  260 mu, o f  each  
tu b e .  The tR N A -contain ing f r a c t i o n s  w ere combined and th e  tRNA was 
p r e c i p i t a t e d  w ith  two volumes o f  c o ld  95$  e th a n o l  in  the c o ld  room.
The p r e c i p i t a t e d  tRNA was rec o v ered  by c e n t r i f u g a t i o n ,  washed w ith  a 
1 :1  m ixture o f  e th a n o l  and e t h e r ,  th en  w ith  e t h e r ,  and d r ie d  under 
vacuum o v e r n ig h t .
Subsequent p u r i f i c a t i o n  o f  the " ren atu rab le"  le u c in e  tRNA on BD- 
c e l l u l o s e  and Sephadex G-100 columns are  d is c u s s e d  under R e s u l t s .
D en a tu r a t io n  and R en a tu r a t io n  o f  "Renaturable" Y east L eucine tRNA
The " ren atu rab le"  l e u c in e  tRNA was denatured  by a m o d i f i c a t io n  o f  
the procedure o f  L indahl e t  a l .  ( I I 3 ) .  The s o l u t i o n  c o n t a in in g  th e  
tRNA (a p p rox im ate ly  3 ,0 0 0  A260  u n i t s  in  1 l i t e r )  was d ia ly z e d  a g a in s t  
2 x 10 l i t e r s  o f  1 mM EDTA, c o n c e n tr a te d  to  a sm a ll  volume (a p p r o x i­
m ate ly  25 m l) ,  and d ia ly z e d  a g a in s t  2 l i t e r s  o f  0 .5  mM EDTA fo r  8
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hours in  the  c o ld  room to  remove any Mg th a t  might be p r e s e n t .  The
d ia ly z e d  s o l u t i o n  was made O.Ol M in  T r i s - C l ,  pH J . O ,  and 1 mM in  EDTA,
h ea ted  in  a w ater  bath a t  60° f o r  5 m inutes and then  r a p id ly  c o o le d  
to  0° in  an i c e  b a th .  T his  p r o c e s s  denatured  a l l  o f  the tRNA's p r e s ­
en t  in  the s o l u t i o n .  To r e n a tu re  the o th e r  tRNA's, w h i le  l e a v in g  the  
" ren atu rab le"  le u c in e  tRNA in  i t s  r e l a t i v e l y  s t a b l e  denatured form,
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the s o l u t i o n  was then  a d ju s te d  to  0 . 0 2  M MgCl2 and in cu b ated  a t  25° 
fo r  30 m in u tes .
The denatured  l e u c in e  tRNA co u ld  be re tu rn ed  to  i t s  b i o l o g i c a l l y  
a c t i v e  form by making the tRNA s o l u t i o n  0 .0 1  M in  T r i s - C l ,  pH 7 * 0 ,  and
0.01 M in  MgC12 , h e a t in g  i t  a t  60° fo r  5 m in u te s ,  and a l lo w in g  i t  to
o
stand a t  room tem perature to  c o o l  s lo w ly  to  25 •
D ig e s t io n  w ith  Tj. R ib o n u c lea se
The p u r i f i e d  " ren atu rab le"  le u c in e  tRNA was d ig e s t e d  w ith  Ti 
r ib o n u c le a s e  by in c u b a t in g  500 A26Q u n i t s  o f  th e  tRNA ( in  3 -7  ml) w ith
1,000 u n i t s  o f  Ti RNase (from Sankyo C o . ,  Tokyo, Japan) in  0 .0 2  M
O
T r i s - C l ,  pH 7*5> a t  37 fo r  5 h ou rs .  The d i g e s t i o n  m ixture was then  
made J  M in  urea by the a d d i t io n  o f  s o l i d  urea and was a p p l ie d  to  a 
D E A E -cellu lose  column (1 x 77 cm) th a t  had been e q u i l i b r a t e d  w ith  
7 M u r e a ,  0.02 M T r i s - C l ,  pH 7.5*
Ti r ib o n u c le a s e  d i g e s t i o n  o f  p u r i f i e d  o l i g o n u c l e o t i d e s  ob ta in ed  
a f t e r  p a n c r e a t ic  r ib o n u c le a s e  d i g e s t i o n  or a f t e r  p a r t i a l  d i g e s t i o n  w ith  
Ti RNase was c a r r ie d  ou t  w i th  the same tRNA to  enzyme r a t i o  (one A26q 
u n it  to  two enzyme u n i t s )  in  0 .0 2  M T r i s - C l ,  pH 7-5> a t  37° fo r  6 
h o u r s ,  u s u a l ly  in  a volume o f  0 .5  m l. The d i g e s t  was then e i t h e r  
evaporated  to  d r y n e s s ,  r e d i s s o lv e d  in  a sm a ll  volume o f  w a te r ,  and 
a p p lie d  to  Whatman No. 1 paper fo r  d escen d in g  chromatography ( i n  the  
c a se  o f  the p a n c r e a t ic  RNase p r o d u c t s ) ,  or a p p l ie d  d i r e c t l y  to  a DEAE- 
c e l l u l o s e  column ( in  the ca se  o f  a Ti d i g e s t i o n  o f  an o l i g o n u c l e o t i d e  
from a p a r t i a l  Ti d i g e s t i o n ) .
Ti RNase, an enzyme from A s p e r i g i l l u s  o r y z a e , s p e c i f i c a l l y
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c l e a v e s  RNA in t o  3'~GMP and o l i g o n u c l e o t i d e s  w ith  a term in a l 3'~GMP.
For most o f  the d i g e s t i o n s ,  Sankyo Ti RNase was u sed .  For a few 
o f  the d i g e s t i o n s ,  how ever, Ti RNase from W orthington  B io ch em ica l Corp. 
was u sed . There was no d i f f e r e n c e  in  the two enzym es, o n ly  in  the  
d e f i n i t i o n s  o f  the a c t i v i t y  u n i t s .
D ig e s t io n  w ith  P a n c r e a t ic  R ib o n u c lea se
The p u r i f i e d  " ren atu rab le"  l e u c in e  tRNA was d ig e s t e d  w ith  pan cre­
a t i c  r ib o n u c le a s e  (W orthington) by in c u b a t in g  557 A260  u n i t s  o f  the
tRNA in  3 ml  o f  0 .0 2  M T r i s - C l ,  pH 7-^» w ith  3 mg o f  p a n c r e a t ic  RNase
(2 ,6 5 0  u n it s /m g )  a t  37° f ° r 12 h o u r s .  The d i g e s t i o n  m ixture was then  
made 7 M in  urea by the  a d d i t io n  o f  s o l i d  urea and was a p p l ie d  to  a 
D E A E -ce llu lose  column th a t  had been e q u i l i b r a t e d  w ith  0 . 0 2  M T r i s - C l ,  
pH 7*5> in  7 M u rea .  The sequence a n a ly s e s  o f  a l l  but one o f  the  
products  o f  t h i s  d i g e s t i o n  w ere conducted  by Chang and Harmon (9 5 )  and 
o n ly  the r e s u l t s  w i l l  be p r e se n te d  ( s e e  D i s c u s s i o n ) .
P a n c r e a t ic  RNase d i g e s t i o n  o f  p u r i f i e d  o l i g o n u c l e o t i d e s
ob ta in ed  from Ti RNase d i g e s t i o n s  ( 0 . 5 - 1 0 . 0  A2 eo  u n i t s )  was c a r r ie d  ou t  
w ith  e i t h e r  100  p,g or 200 p-g (from a 1 p.g/p.1 s o l u t i o n )  o f  p a n c r e a t ic  
RNase (depending upon th e  amount o f  the  o l i g o n u c l e o t i d e  to  be d i g e s t e d )  
in  0 .5  ml o f  0 . 0 2  M NH4HC03 a t  37° fo r  6 h o u r s .  The d i g e s t i o n  was 
then  evaporated  to  d r y n e s s ,  r e d i s s o lv e d  in  a sm a ll  amount o f  w ater  and 
a p p lie d  to  Whatman No. 1 paper fo r  d escen d in g  chrom atography.
P a n c r e a t ic  RNase s p e c i f i c a l l y  c l e a v e s  RNA to  y i e l d  3'CMP and /or  
v'-UMP and o l i g o n u c l e o t d i e s  en d in g  in  3 ,_ CMP or 3 , - UMP.
D ig e s t io n  w ith  B a c t e r ia l  A lk a l in e  Phosphatase
D ig e s t io n  o f  p u r i f i e d  o l i g o n u c l e o t i d e s  o b ta in ed  a f t e r  Ti RNase or
p a n c r e a t ic  RNase d i g e s t i o n  was c a r r ie d  out by in c u b a t in g  th e  o l i g o ­
n u c le o t id e  w ith  10 -25  M-8 ° f  E. c o l i  a lk a l i n e  phosp hatase  (W orth ington ,  
20 u n it s /m g )  in  0 .5  ml o f  0 . 0 2  M NH4HCC>3 a t  37° fo r  6 -8  h o u rs .  The 
d i g e s t i o n  was then e i t h e r  made 7 M in  urea and a p p l ie d  to  a D EA E-cellu­
lo s e  column e q u i l i b r a t e d  w ith  0 . 0 2  M T r i s - C l ,  pH 7-5> in  7 M urea or 
was ev a p o r a te d ,  r e d i s s o lv e d  in  a sm a ll  amount o f  w a ter  and a p p l ie d  to  
Whatman No. 1 paper fo r  d escen d in g  chrom atography.
The b a c t e r i a l  a l k a l i n e  phosphatase  s p e c i f i c a l l y  removed both 3' 
and 5 ' term in a l phosphate groups.
D ig e s t io n  w ith  Snake Venom P h o s p h o d ie s te r a s e
Snake venom p h o sp h o d ie s te r a s e  d i g e s t i o n  was used to  determ ine the  
5 ' term in a l r e s id u e  and base co m p o s it io n  o f  an o l i g o n u c l e o t i d e .
D ig e s t io n  o f  d i  or t r i n u c l e o t i d e s  o b ta in ed  a f t e r  Ti RNase and 
p a n c r e a t ic  RNase d i g e s t i o n  was c a r r ie d  out by in c u b a t in g  the  
dep hosphory la ted  o l i g o n u c l e o t i d e  (0 .5  to  1 0 .0  A2eo  u n i t s )  w ith  1 0 -2 0  p-g 
(as a 1 p,g/p,l s o l u t i o n )  o f  snake venom p h o sp h o d ie s te r a s e  (W orthington)  
in  0 .5  ml o f  0 . 0 2  M NH4HCO3 a t  37° f o r  6 -8  h o u rs .  The d i g e s t i o n  mix­
tu re  was then  evaporated  to  d r y n e s s ,  r e d i s s o lv e d  in  a sm a ll  volume o f  
w ater  and a p p l ie d  to  Whatman No. 1 paper fo r  d e sc e n d in g  chrom atography.
Snake venom p h o sp h o d ie s te r a se  d i g e s t i o n  y i e l d s  5 ' m on on uc leo tid es  
and a n u c le o s id e  from the 5 ' end o f  the o r i g i n a l  o l i g o n u c l e o t i d e .  The 
enzyme i s  an ex o n u c le a se  and r e q u ir e s  a 3 ' -h y d ro x y l group , so  snake  
venom p h o sp h o d ie s te r a se  d i g e s t i o n s  must e i t h e r  be c a r r ie d  out on an 
o l i g o n u c l e o t id e  th a t  has been p r e v io u s ly  t r e a te d  w ith  b a c t e r i a l  a lk a -  
1 ine phosphatase or the d i g e s t i o n  must be co n cu rren t  w ith  the b a c t e r ia l  
a lk a l i n e  phosphatase d i g e s t i o n .
D ig e s t io n  w ith  P o ly n u c le o t id e  P h osp hory lase
P o ly n u c le o t id e  p h osp h ory lase  d i g e s t i o n  o f  the o l i g o n u c l e o t i d e s  
o b ta in e d  from Ti RNase d i g e s t i o n s  was c a r r ie d  ou t  by f i r s t  in c u b a t in g  
3 -1 0  A2 eo  u n i t s  o f  the o l i g o n u c l e o t i d e  in  0 . 1  ml H20 w ith  O .I 5 ml o f  
0 .1  M T r i s - C l ,  pH 8 . 0 ,  and 20 p,l o f  b a c t e r i a l  a l k a l i n e  phosphatase  
(1 |ig / |j , l)  a t  37° fo r  1 hour. Then, 0 .0 5  ml o f  0 . 1  M p otass iu m  phos­
p h a te ,  pH 7 . 0 ,  0 . 1  ml o f  0 .0 1  M MgCl2 and 20 (xl o f  p o ly n u c le o t id e  
p h osp h ory lase  (P-L B io c h e m ic a ls ,  10 g g / p l ) were added , and in c u b a t io n  
was c a r r ie d  out a t  37°  f ° r 1 2 -1 3  hours in  a c o n ic a l  c e n t r i f u g e  tu b e .
At the end o f  the in c u b a t io n ,  the m ixture was evap orated  to  d ry ­
n ess  under vacuum in  the Evapo-mix (B u c h le r ) ,  r e d i s s o lv e d  in  50 p.1 o f  
H20 ,  and a p p l ie d  to  Whatman No. 1 chromatography paper fo r  d escen d in g  
chromatography in  s o lv e n t  C.
P o ly n u c le o t id e  p h o sp h o r y la s e ,  an e x o n u c le a se  th a t  r e q u ir e s  a f r e e  
3 ' hyd roxy l group, p h osp h oro lyzes  an o l i g o n u c l e o t i d e  to  y i e l d  5 ' 
r ib o n u c le o s id e  d ip h o sp h a tes  and a r e s i s t a n t  o l i g o n u c l e o t i d e  th a t  i s ,  
e x c e p t  in  s p e c i a l  c a s e s  (such as ApApA which i s  d ig e s t e d  to  ApA) a 
t r i n u c l e o t i d e .  (The t r i n u c l e o t i d e  UpUpU w i l l  be r e s i s t a n t  to  fu r th e r  
p h o sp h o r o ly s is  by the en zym e.)  (1 1 9 , 1 2 0 ) .
P a r t i a l  D ig e s t io n  w ith  Ti R ib o n u c lea se
Three s e p a r a te  p a r t i a l  d i g e s t i o n s  w ith  Ti RNase were c a r r ie d  o u t .  
The procedure i s  H o l l e y ' s  ( 5 0 ) as used by RajBhandary and Chang (1 2 1 ) .
In the f i r s t  p a r t i a l  Ti RNase d i g e s t i o n ,  1 ,0 0 0  A260  u n i t s  o f  pu­
r i f i e d  " ren atu rab le"  l e u c in e  tRNA in  ap p rox im ate ly  50 ml were d ia ly z e d
a g a in s t  x 2 l i t e r s  o f  c o ld  d i s t i l l e d  w ater  in  the c o ld  room fo r  11
h o u r s . The s o l u t i o n  was made O.Oh M in  T r i s - C l ,  pH 7*> , and l h ,000
u n i t s  o f  Ti RNase (Sankyo) in  3 ml were added w ith  s w i r l i n g  o f  the  
round bottom f l a s k .  The d i g e s t i o n  was c a r r ie d  out a t  0° in  an i c e  
bath in  the c o ld  room fo r  20 m in u tes .
Then 20 ml o f  0 . 0 2  M T r i s - C l ,  pH 7 -5 "s a t u ra ted  phenol was added 
and the m ixture was shaken f o r  2 -3  m in u te s ,  c e n t r i f u g e d ,  and the la y e r s  
were s e p a r a te d .  The su p e rn a ta n t  aqueous la y e r  was e x t r a c te d  w ith  an 
eq u a l volume o f  T r i s - C l ,  pH 7*5- s a t u ra ted  p h e n o l ,  and the phenol la y e r  
was washed tw ic e  w ith  0 .0 2  M T r i s - C l ,  pH 7*5. The o r i g i n a l  aqueous  
l a y e r  was e x t r a c te d  th ree  more t im es  w ith  phenol to  remove any r e s id u a l  
enzyme, and th e  phenol p o r t io n s  were a l l  washed tw ic e  w ith  0 .0 2  M 
T r i s - C l ,  pH 7 . 3 .  The same two p o r t io n s  o f  T r is  b u f fe r  were used to  
wash a l l  o f  the phenol l a y e r s .  A l l  o f  the e x t r a c t i o n s  and c e n t r i f u ­
g a t io n s  were c a r r ie d  out in  the  c o ld  room.
The aqueous la y e r  and th e  two w ashes w ere combined and were e x ­
t r a c t e d  w ith  anhydrous e t h y l  e t h e r ,  ( a n a l y t i c a l  r e a g e n t )  t o  remove 
t r a c e s  o f  p h en o l.  N itr o g e n  gas was bubbled through th e  s o l u t i o n  to  
remove th e  e t h e r .  The s o l u t i o n  was then  ly p h o ly ze d  o v e r n ig h t .
In the second p a r t i a l  Ti RNase d i g e s t i o n ,  "j60 A260  u n i t s  o f  the  
la r g e  u n d ig e s te d  fragm ent from the f i r s t  p a r t i a l  Ti RNase d i g e s t i o n  
w ere in cu b ated  in  0 .0 5  M T r i s - C l ,  pH 7*5> w ith  1 0 0 ,0 0 0  u n i t s  o f  
W orthington  Ti RNase a t  0° in  an i c e  bath fo r  10 m in u tes .  The r e ­
mainder o f  the  procedure was the same as th a t  g iv e n  above.
In th e  t h ir d  p a r t i a l  d i g e s t i o n  w ith  Ti r i b o n u c l e a s e , 600 A620 
u n i t s  o f  p u r i f i e d  " ren a tu ra b le"  le u c in e  tRNA, to g e th e r  w ith  a p p r o x i­
m ate ly  3B0 A2r,0 u n i t s  o f  a l a r g e ,  u n d ig e s te d  o l i g o n u c l e o t i d e  from the  
second p a r t i a l  Ti RNase d i g e s t i o n  were incu bated  in  12 ml o f  0 .0 ';  M 
T r i s - C l ,  pH 7 . 3 ,  w ith  2 0 ,0 0 0  u n i t s  ( i n  U ml) o f  Sankyo Ti RNase a t
0° in  an i c e  bath fo r  U0 m in u tes .  The d i g e s t i o n  was then  t r e a t e d  as  
p r e v io u s ly  d e s c r ib e d .
P a r t i a l  D ig e s t io n  w ith  Snake Venom P h o sp h o d ie s te r a s e
To determ ine th e  sequen ce  o f  two o f  th e  o l i g o n u c l e o t i d e s  from the  
com p lete  Ti RNase d i g e s t i o n ,  i t  was n e c e s s a r y  to  ca rry  out p a r t i a l  d i ­
g e s t io n  w ith  snake venom p h o s p h o d ie s t e r a s e .  Because t h i s  enzyme pro­
g r e s s i v e l y  removes 5 ' m on on u c leo tid es  from the  3 ' end o f  the  o l i g o ­
n u c l e o t i d e ,  i t  i s  p a r t i c u l a r l y  u s e f u l  in  d ed u cin g  the n u c le o t id e  s e ­
quence o f  the 3' p o r t io n  o f  the o l i g o n u c l e o t i d e .  S im i la r  d i g e s t i o n s  
conducted  by RajBhandary e t  a l .  (9 6 ) were very  h e lp f u l  in  d e c id in g  on 
the c o n d i t io n s  fo r  th e s e  d i g e s t i o n s .
To 2 6 .9  A2go u n i t s  o f  a d e c a n u c le o t id e  w ere added I 50 p,l o f  H2O,
30 p , moles o f  T r i s - C l ,  pH 7 * 3 > and 20 p.1 o f  a 1 p-g/pl p r e p a r a t io n  o f  
b a c t e r i a l  a l k a l i n e  p h o sp h a ta se .  I n cu b a t io n  was c a r r ie d  out a t  37° 
fo r  3 1/2 h o u r s .  The d i g e s t i o n  was then  eva p o ra ted  to  d r y n e s s ,  0 . 5  ml 
HoO, 0.2 ml o f  1 M NH3HCO3 , and 25 p.1 o f  a 1 M-g/p-1 p r e p a r a t io n  o f  snake  
venom p h o sp h o d ie s te r a se  were added, and d i g e s t i o n  was a llo w ed  to  co n ­
t in u e  fo r  15 m inutes a t  37° •  At the end o f  15 m in u te s ,  the  s o l u t i o n  
was a p p l ie d  im m ediate ly  (w ith o u t  a d d i t io n  o f  s o l i d  urea to  made th e  
s o l u t i o n  7 M in  u r e a )  t o  a D E A E -ce llu lo se  column (1 x j 6  cm) th a t  had
been e q u i l i b r a t e d  ( a t  room tem p era tu re)  w ith  0 . 0 2  M T r i s - C l ,  pH 7 .3 *
in  7 M u rea .  The volume o f  the sample a p p l ie d  to  the  column w ith o u t
urea was sm all enough th a t  the e q u i l ib r iu m  o f  th e  column was not s e r i ­
o u s ly  d is r u p te d  and column r e s o l u t i o n  was u n a f f e c t e d .  The time r e ­
qu ired  to  add and d i s s o l v e  th e  s o l i d  urea to  make the sample '( M in  
urea would p o s s i b l y  have a llow ed  the snake venom p h o sp h o d ie s te r a se
d i g e s t i o n  to  proceed to o  f a r .
The o c t a n u c le o t id e  upon which a p a r t i a l  snake venom phospho­
d i e s t e r a s e  d i g e s t i o n  was conducted  d id  not need to  be t r e a t e d  w ith  
a l k a l i n e  p h o sp h a ta se ,  because i t  was from th e  3 '  en<i o f  the tRNA m ole­
c u le  and t h e r e f o r e  d id  n ot  c o n ta in  a te r m in a l  p h osp h ate .  To 2 0 .8  A2GO 
u n i t s  o f  th e  o l i g o n u c e l o t i d e  in  0 . 6  ml H20  were added 50 p,l o f  1 M 
NH4HCO3 and 23 p,l o f  a 1 p r e p a r a t io n  o f  snake venom p h osp h od ies ­
t e r a s e .  D ig e s t io n  was a l lo w e d  to  c o n t in u e  fo r  10 m inutes a t  37° > and 
the s o l u t i o n  was then  im m ed iate ly  (w ith o u t  th e  a d d i t io n  o f  u rea )  ap­
p l i e d  to  a D E A E -ce llu lo se  column (1 x 7^ Cm) th a t  had been e q u i l i ­
brated  w ith  0 .0 2  M T r i s - C l ,  pH 7*5» in  7 M u rea .
Chromatography on B D -C e llu lo se  Columns
B D - c e l lu lo s e  co lum ns, ra n g in g  in  s i z e  from 1 . 8  x 80 cm fo r  sm a ll  
s c a l e  p r e l im in a r y  i s o l a t i o n  to  U.2  x 1U0  cm fo r  th e  p r e p a r a t iv e  s c a l e  
co lum ns, were used fo r  th e  p u r i f i c a t i o n  o f  " ren a tu ra b le"  le u c in e  tRNA 
from the crude y e a s t  tRNA p r e p a r a t io n .  The columns w ere e q u i l i b r a t e d  
in  the c o ld  room (V3 ) w ith  0 .0 5  M NaOAc, pH 5 - 0 ,  and e lu t e d  w ith  a 
l i n e a r  NaCl g r a d ie n t  in  the  same b u f f e r .  F raction s*  o f  10 -15  ml were  
c o l l e c t e d  a t  2 0 -3 0  minute i n t e r v a l s ,  depending  on the f low  r a te  o f  the  
column, and th e  A260  o f  th e  f r a c t i o n s  was measured on a G i l fo r d  2000  
s p e c tr o p h o to m e te r .  The f r a c t i o n s  were a ssa y e d  fo r  a c c e p to r  a c t i v i t y  
fo r  s e v e r a l  amino a c id s  a s  w e l l  a s  l e u c in e  to  l o c a t e  the t r a n s f e r  
RNA's. The e x a c t  a s sa y  c o n d i t io n s  fo r  each  column w i l l  be p resen ted  
as the column i s  d i s c u s s e d  in  R e s u l t s .
Chromatography on Sephadex G-lQO Columns
Sephadex C-LOO column chromatography was the f i n a l  s t e p  in  the
p u r i f i c a t i o n  o f  " ren atu rab le"  l e u c in e  tRNA. The p a r t i a l l y  p u r i f i e d  
l e u c in e  tRNA from the B D - c e l lu lo s e  column was d i a l y z e d ,  denatured  
a c co r d in g  to  th e  procedure p r e v io u s ly  d is c u s s e d  (9 5 ) ,  and a p p l ie d  to  
a Sephadex G-100 column (3 x 120 cm or 2 . 8  x IU5 cm) th a t  had been  
e q u i l i b r a t e d  in  the c o ld  room w ith  O .I 5 M N aC l, 0 .0 1  M T r i s - C l ,  pH 7»
9 mM MgCl2 and 0 .5  mM EDTA. F r a c t io n s  o f  a p p rox im ate ly  I 5 ml were  
c o l l e c t e d  as the column was e lu t e d  w ith  th e  same b u f f e r .  The a b s o r ­
bance a t  260 nqo, and l 4 C le u c in e  a c c e p to r  a c t i v i t y  o f  th e  f r a c t i o n s  was 
m easured.
A ssay  fo r  Amino A cid  A ccep tor  A c t i v i t y
During the p u r i f i c a t i o n  o f  the " ren atu rab le"  l e u c in e  t r a n s f e r  RNA, 
i t  was n e c e s s a r y  to  charge th e  tRNA w ith  l 4 C la b e le d  l e u c in e  to  lo c a t e  
th e  f r a c t i o n s  which co n ta in e d  th e  tRNA. I t  was a l s o  n e c e s s a r y  to  a s sa y  
th e s e  " ren atu rab le"  le u c in e  tRNA f r a c t i o n s  fo r  the  p resen ce  o f  contam­
in a t in g  tRNA s p e c ie s  by u s in g  o th e r  l 4 C la b e le d  amino a c i d s .
A lthough the s p e c i f i c  a s sa y  c o n d i t io n s  v a r ie d  somewhat w ith  the  
a s s a y ,  th ey  w e r e ,  in  g e n e r a l ,  the same. The in c u b a t io n  m ixture co n ­
ta in e d  0 . 1  M T r i s - C l ,  pH 7 * 5 ,  5 mM 0 -m e r c a p to e th a n o l , 2 -5  mM ATP, 10 -15  
mM MgCl2 , 0 . 1  M EDTA, 5 “10 p,l o f  crude aminoacyl-tRNA s y n th e ta s e  ( 50$  
g l y c e r o l  s o l u t i o n ) ,  l 4 C la b e le d  amino a c id  (from A m ersham /Searle) and 
an a l i q u o t  from each o f  the f r a c t i o n s  b e in g  a ssa y e d  to  make a t o t a l  
volume o f  60 or 110 p,ls per a s sa y  tu b e .  A f t e r  in c u b a t io n  a t  37° f ° r  
20 m in u te s ,  an a l i q u o t  (50  p.1 or 100  M-l) was removed from each a s sa y  
tube and a p p l ie d  to  a 1 x  ̂ cm p ie c e  o f  Whatman No. 3 f i l t e r  paper.  
A f t e r  b e in g  a llow ed  to  dry fo r  a p p rox im ate ly  20 s e c o n d s ,  the paper was 
dropped in t o  c o ld  '><(, t r i c h l o r a c e t i c  a c id  ( in  which the f r e e  i-1C amino
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a c id  th a t  was n ot charged to  the tRNA was s o lu b le  and the l 4 C amino-  
a c y la te d  tRNA was i n s o l u b l e . )  The papers were washed tw ic e  more w ith  
c o ld  cj $  TCA, once w ith  c o ld  e th a n o l  : e th e r  ( 1 : 1 ) ,  once w ith  c o ld  anhy­
drous e t h e r ,  and a i r  d r ie d .  They were then  p la ced  in  c o u n t in g  v i a l s  
in  a to lu e n e  s o l u t i o n  c o n ta in in g  0 . 4 $  2 ,5 -d ip h e n y lo x a z o le  (PPO) and 
0 .0 1 $  1 ,4 - b i s - 2 ( 4 - m e t h y l - 5 - p h e n y l o x a z o l y l ) benzene (POPOP) and counted  
fo r  r a d i o a c t i v i t y  on a Beckman model LS-200 s c i n t i l l a t i o n  c o u n te r .
Chromatography on DEAE-Cellulose Columns
D E A E -ce llu lo se  (Whatman) which had been tr e a te d  w ith  a l k a l i  and 
a c id  as p r e v io u s ly  d e sc r ib e d  was resuspended  in  a 7 M urea s o l u t i o n  
th a t  had been prepared from r ea g e n t  grade urea in  d i s t i l l e d  w ater  and 
had been f i l t e r e d  through a th orou gh ly  washed (w ith  w a te r )  cake o f  
" c e l i t e "  ( J o h n s -M a n v i l ie ) in  a Buchner fu n n e l .
The 7 M urea in  which the D E A E -ce llu lo se  was e q u i l i b r a t e d  to  room 
tem perature o v e r n ig h t  was e i t h e r  b u f fe r e d  w ith  0 .0 2  M T r i s - C l ,  pH 7*5> 
or was a d ju s te d  to  pH 3 -0  w ith  c o n c e n tr a te d  HC1.
G lass  chromatography columns (1 x 80 cm) w ith  ground g la s s  
j o i n t s ,  t e f l o n  s to p c o c k s  and p o ly e th y le n e  i n l e t  and o u t l e t  tu b in g  
were packed w ith  the D E A E -ce llu lo se  a t  room tem p erature . The column  
was then  e q u i l i b r a t e d  w ith  200-400  ml o f  the  s t a r t i n g  b u f fe r  (7  M urea  
a t  e i t h e r  pH 7 -5  or pH 3 « 0 ) .
To p ro v id e  b e t t e r  s e p a r a t io n  by e l im in a t in g  any r e s id u a l  hydrogen  
bonding i n t e r a c t i o n  between o l i g o n u c l e o t i d e s ,  two o f  the  n e u tr a l  DEAE- 
c e l l u l o s e  columns for  p a r t i a l  Ti RNase d i g e s t i o n  prod u cts  w ere run a t  
v / ’ in  a ja ck e ted  column ( i  x 200 cm). The tem perature was m ainta ined  
by c o n t in u o u s ly  pumping w ater a t  through the j a c k e t .  The DEAE-
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c e l l u l o s e  as w e l l  as  a l l  o f  the b u f fe r s  fo r  the  column were d e -a e r a te d  
by a s p ir a t o r  vacuum w h i le  b e in g  h ea ted  in  a b o i l i n g  w ater  b ath .
A l l  o f  the D E A E -ce llu lo se  columns were e lu t e d  w ith  7 M urea to  
e l im in a t e  i n t e r -  or in t r a - c h a i n  hydrogen bonding i n t e r a c t i o n s  so  th a t  
charge i n t e r a c t i o n s  between the D E A E -ce llu lo se  and the n u c le o t i d e s  
would be the s o l e  f a c t o r  in  t h e i r  r a te  o f  p assage  through the column. 
Passage from th e  column was t h e r e fo r e  in  order o f  in c r e a s in g  number o f  
phosphate g ro u p s ,  which was e q u iv a le n t  to  ord er  o f  in c r e a s in g  ch a in  
le n g th  e x c e p t  in  o l i g o n u c l e o t i d e s  w ith o u t  3 ' te rm in a l p hosphates  or 
w ith  3 ' term in a l phosphate grou ps.
The columns used to  sep a r a te  the p rod u cts  from the  com plete  Ti 
RNase and the p a r t i a l  Ti RNase d i g e s t i o n s  were e lu t e d  w ith  l i n e a r  s a l t  
g r a d ie n ts  produced from 1 ,0 0 0  ml o f  7 M urea b u ffe red  w ith  0 . 0 2  M 
T r i s - C l ,  pH 7 .5  and 1 ,0 0 0  ml o f  0 .5  M NaCl in  7 M urea 0 . 0 2  M T r i s - C l ,  
pH 7 . 5 .  The two open r e s e r v o ir s  w ere con n ected  by a b r id ge  o f  g la s s  
tu b in g ,  and th e  lower s a l t  c o n c e n tr a t io n  r e s e r v o i r ,  which fed  the  c o l ­
umn, was c o n t in u o u s ly  s t i r r e d  w ith  a m agnetic  s t i r r i n g  bar.
The o th e r  n e u tr a l  D E A E -ce llu lo se  co lum ns, as  w e l l  as th o se  run a t  
a c i d i c  pH were u s u a l ly  e l u t e d  w ith  an 0 . 0  M to  0 .5  M NaCl l i n e a r  
g r a d ie n t  w ith  500 ml in  each r e s e r v o i r ,  a lth ou gh  an 0 . 0  M to  0.H M 
NaCl g r a d ie n t  w ith  H-00 ml in  each r e s e r v o ir  was o c c a s i o n a l l y  u sed .
The flow r a t e  fo r  the D E A E -ce llu lo se  columns was u s u a l ly  9 - I 0  
drops per m in u te ,  and 10 or 12  minute f r a c t i o n s  r e s u l t e d  in  2 .5  to  
.0  ml per tu b e .  The absorbance a t  260 mp, o f  each tube was measured  
in a G i l fo r d  2000 sp ec trop h otom eter  to  lo c a t e  the  f r a c t i o n s  which con ­
ta in ed  n u c le o t i d e s  and to  o b ta in  the k 2 eo  e l u t i o n  p r o f i l e  fo r  the  
column.
1+1
D e s a l t in g  and E vap ora tion
The f r a c t i o n s  under each A2eo  peak o f  a D E A E -ce llu lo se  column 
were combined, and th e  s o l u t i o n  c o n ta in in g  th e  n u c le o t i d e  or o l i g o ­
n u c le o t id e  was fr e e d  o f  urea  and s a l t  by p assage  through a B io g e l  P -2  
(p o ly a c r y la m id e )  column (2  x 100  cm) which was e q u i l i b r a t e d  and e lu t e d  
w ith  d i l u t e  ammonia, pH 8 - 9 .  (Column c a p a c i ty  was a p p ro x im a te ly  1+0 
m l. )  F r a c t io n s  o f  2 -5  ml were c o l l e c t e d  a t  maximum f lo w  r a t e ,  and th e  
A26Q ° f  each tube was measured to  l o c a t e  th e  n u c le o t id e  c o n t a in in g  
tu b e s .  These f r a c t i o n s  were then  combined and the t o t a l  A2 6 q was 
determ ined . The s o l u t i o n  was then tr a n s fe r r e d  to  a 100 ml round b o t ­
tom f l a s k ,  in  p o r t io n s  up to  1+0 m l, c h i l l e d  on i c e ,  and evap ora ted  to  
dryn ess  on the F la s h - e v a p o r a t o r , u s in g  a vacuum pump. The sample was 
then r e d i s s o lv e d  in  0 .5  to  1 .0  ml and t r a n s fe r r e d  to  a c o n ic a l  
c e n t r i f u g e  tube where i t  was evap ora ted  to  d ryn ess  on the  Evapo-mix  
( B u c h le r ) ,  u s in g  a vacuum pump. The round bottom f l a s k  was washed 3 
or 1+ t im es  w ith  w a te r ,  fo l lo w e d  by e v a p o r a t io n .
The sample was then  ready fo r  fu r th e r  enzym atic  d i g e s t i o n  and /or  
paper chromatography.
Treatment o f  Glassware
To p rev en t  d i g e s t i o n  o f  sam ples by co n ta m in a t in g  enzym es, a l l  
g la ssw a re  ( c o n ic a l  c e n t r i f u g e  tu b e s ,  round bottom f l a s k s ,  and graduated  
c y l i n d e r s )  was c le a n e d  w ith  a l c o h o l i c  K0H and washed w ith  d i l u t e  HC1, 
then  w ith  w a te r ,  b e fo r e  b e in g  r e u se d .  M ic r o p ip e t te s  w ere c le a n e d  w ith  
c l e a n in g  s o l u t i o n  (p o ta ss iu m  chromate in  s u l f u r i c  a c i d )  a f t e r  each u s e .  
Only d is p o s a b le  c a p i l l a r y  p i p e t t e s  (from B olab ) were used to  add the  
enzymes for  d i g e s t i o n ,  and th e s e  were d isca rd ed  a f t e r  u s e .  T e s t  tubes
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were soaked in  the chromic a c id  c l e a n in g  s o l u t i o n  b e fo r e  u se  and were  
not used  to  c o l l e c t  f r a c t i o n s  from d i g e s t i o n s  w ith  a d i f f e r e n t  enzyme 
w ith o u t  b e in g  r e c le a n e d .  The t e s t  tu b es  w e r e ,  how ever, reu sed  fo r  
columns s e p a r a t in g  produ cts  from d i g e s t i o n s  w ith  the same enzyme 
a f t e r  thorough r i n s i n g  w ith  w a te r .
Paper Chromatography
A f t e r  d i g e s t i o n  o f  d i ,  t r i  or o l i g o n u c l e o t i d e s  by p a n c r e a t ic  
RNase, b a c t e r i a l  a l k a l i n e  p h o sp h a ta se ,  snake venom p h o sp h o d ie s te r a s e  
or p o ly n u c le o t id e  p h osp h ory lase  a s  p r e v io u s ly  d e s c r ib e d ,  the d i g e s t i o n  
m ixtu res  were evap ora ted  to  d r y n e s s ,  r e d i s s o lv e d  in  a sm a ll  volume o f  
w ater  ( u s u a l ly  25 p ,l) and a p p l i e d ,  w ith  a 25 p.1 w ash , to  Whatman No. 1 
chromatography paper a t  the d e n s i t y  o f  one A260 u n i t  per c e n t im e t e r ,  
( i e . ,  a d i g e s t i o n  c o n t a in in g  5 A260 u n i t s  would be a p p l ie d  in  a l i n e  
5 cm l o n g . ) Even b e t t e r  s e p a r a t io n  was o b ta in ed  w ith  a r a t i o  o f  one 
A260 u n i t  to  2 cm. N u c le o s id e  an d /o r  n u c le o t id e  markers w ere a l s o  
a p p l ie d  to  the  paper.
D escen d ing  chromatography was then  c a r r ie d  ou t  in  one o f  four s o l ­
v e n t  s y s te m s .  S o lv e n t  A, i s o b u t r y i c  a c id  c o n c e n t r a t e d  NlLiOHrH^ 
( 6 6 : 1 : 5 3 ) ,  w ith  a pH o f  about 3 * 7 ,  was used to  s e p a r a te  mono, d i ,  t r i  
or t e t r a n u c l e o t i d e  p rod u cts  from d i g e s t i o n  w ith  b a c t e r i a l  a l k a l i n e  
phosph atase  or p a n c r e a t ic  RNase. A f te r  the chromatography had been  
c a r r ie d  o u t ,  th e  paper removed from the tank , d r i e d ,  and the UV ab so rb ­
in g  band lo c a te d  and c u t  o u t ,  i t  was n e c e s s a r y  to  wash th e  bands w ith  
e t h a n o l : e t h e r  ( 1 : 1 )  to  remove the i s o b u t r y ic  a c i d ,  which tended to  
i n t e r f e r e  w ith  the UV spectrum  o f  the n u c l e o t i d e .  Any d i g e s t i o n  th a t  
co u ld  be e x p ec te d  to  y i e l d  a n u c le o s id e  cou ld  n ot  b e ,  t h e r e f o r e ,  put
in t o  s o lv e n t  A, because  th e  n u c le o s id e s  are  s o lu b le  in  th e  e n th a n o l:  
e th e r  wash s o l u t i o n  and would be l o s t .  S o lv e n t  A would be ex p e c te d  
to  s e p a r a te  any d i g e s t i o n  p ro d u cts  w ith  d i f f e r e n t  n e t  ch a rg es  a t  the  
pH o f  the s o l v e n t ,  few er n e t  n e g a t iv e  ch a rg es  r e s u l t i n g  in  a f a s t e r  
t r a v e l  r a t e .
S o lv e n t  B, is o p r o p a n o l  c o n c e n t r a t e d  NH40H:H20 ( 7 : 1 : 2 ) ,  pH 8 - 9 ,  
was used to  s e p a r a te  th e  mono, d i  or t r i n u c l e o t i d e  p rod u cts  from 
d i g e s t i o n  w ith  e i t h e r  p a n c r e a t ic  RNase or a com b in ation  o f  p a n c r e a t ic  
RNase and a l k a l i n e  ph osp h atase  or snake venom p h o sp h o d ie s te r a s e  or a 
com b in ation  o f  a l k a l i n e  p h osp h atase  and snake venom p h o s p h o d ie s t e r a s e .  
T h is  s o lv e n t  co u ld  be e x p ec te d  to  e a s i l y  s e p a r a te  n u c le o s id e s  from 
n u c l e o t i d e s ,  and to  s e p a r a te  n u c le o s id e s  ( i n  most i n s t a n c e s ) ,  but r e ­
s o l u t i o n  o f  n u c le o t i d e s  was n ot  a lw ays good , and i t  was sometimes  
n e c e s s a r y  to  re-chrom atograph t h e s e  p rod u cts  in  s o lv e n t  A to  se p a r a te  
them.
S o lv e n t  C, n -p rop ano l rco n ce n tr a te d  NH4 0H:H20  ( 5 5 : 1 0 : 3 5 ) ,  W£*s used  
to  s e p a r a te  the prod ucts  o f  d i g e s t i o n  w ith  p o ly n u c le o t id e  p h osp h ory lase  
as p r e v io u s ly  d e s c r ib e d .
S o lv e n t  D, e t h y l  a c e ta te :n -p r o p a n o l:H 20  ( 4 : 1 : 2 ) ,  upper p h a se ,  was 
used on ly  to  s e p a r a te  th e  n u c le o s id e s  c y t i d i n e  and u r id in e .
A f t e r  th e  s o lv e n t  f r o n t  had reached  th e  bottom edge o f  the paper 
( a f t e r  ap p ro x im a te ly  1 8 -2 2  h o u r s ) ,  the  chromatograph was removed from 
th e  tank and was hung in  a hood to  d r y ,  u s u a l ly  f o r  s e v e r a l  h o u r s .  The 
UV a b so rb in g  m a te r ia l  was lo c a te d  by h o ld in g  th e  paper over  a s h o r t  
wave UV lamp, and th e  bands were o u t l in e d  in  p e n c i l .  A t r a c e d  copy o f  
the chromatograph was made and th e  bands were la b e l e d .
The bands were c u t  o u t  and were e lu t e d  from the p i e c e s  o f  paper
as f o l lo w s :  A non-UV a b so rb in g  p o r t io n  o f  the  paper was p la ced  b e­
tween two g l a s s  m icroscope s l i d e s .  The o th e r  ends o f  the s l i d e s  were  
p laced  in  a tr a y  o f  d i s t i l l e d  w a t e r ,  and th e  w ater  was a l lo w e d  to  move 
between the s l i d e s  by c a p i l l a r y  a c t i o n  and o n to  th e  paper. As the  
w ater  f r o n t  moved down th e  p ap er ,  i t  c a r r ie d  the w a t e r - s o lu b le  n u c le o ­
t i d e s  and n u c le o s id e s  w ith  i t ,  c o n c e n t r a t in g  them a t  th e  t i p  o f  the  
paper as the w ater  e v a p o r a te d .  (As lo n g  as  the e l u t i o n  was not c a r r ie d  
o u t  in  a c lo s e d  c o n t a in e r ,  the  w a ter  eva p o ra ted  and d id  not d r ip  o f f  
the t i p  o f  the p ap er ,  c a r r y in g  th e  sample w ith  i t . )  U su a l ly  30 m inutes  
was a llo w ed  a f t e r  the  paper was e n t i r e l y  w et to  ensure  th a t  a l l  o f  the  
sample had moved to  th e  t i p  o f  the p aper .
The paper was then  removed from betw een the s l i d e s  and p la ced  on 
an a p p r o p r ia te ly  s i z e d  p ie c e  o f  aluminum f o i l  w ith  the sa m p le -co n ­
t a in in g  t i p  e x te n d in g  ou t  over  th e  edge o f  th e  f o i l .  The paper was 
w e tte d  w ith  a few drops o f  d i s t i l l e d  w a ter  from a P a steu r  p i p e t t e ,  and 
was fo ld e d  up in  th e  f o i l ,  r e s u l t i n g  in  a s t r i p  about 1 /2  cm w ide w ith  
th e  t i p  o f  the paper (about 1 / 2  to  1 cm) e x p o sed .  The s t r i p  was then  
p laced  in  a c o n ic a l  c e n t r i f u g e  tube w ith  th e  t i p  a t  l e a s t  an inch  from 
the bottom o f  the tu b e .  The top o f  th e  s t r i p  was fo ld e d  over the top  
o f  the tube and fa s te n e d  w ith  a rubber band. The paper was then  c e n ­
t r i f u g e d  in  a c l i n i c a l  c e n t r i f u g e  f o r  a p p ro x im a te ly  10  m inutes to  
c o l l e c t  the w ater  from the papers in  th e  bottom o f  th e  tu b e .  The 
s t r i p  was then  opened , w e t te d  w ith  s e v e r a l  drops o f  w a te r ,  and the  c e n ­
t r i f u g a t i o n  was r ep ea te d  in  the same tu b e .
The papers were unwrapped from the  f o i l  and checked  under the  UV 
lamp to  be sure th a t  a l l  o f  the UV a b so rb in g  m a te r ia l  had been removed.
The s o l u t i o n  c o n t a in in g  the sample in  th e  c e n t r i f u g e  tube was
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evap orated  to  d r y n e s s .  I t  was then r e d i s s o lv e d  in  a known volume o f  
w ater  ( e i t h e r  0 . 8  ml or 1 . 0  m l, depending upon th e  amount o f  the  
s a m p le ) ,  and the  t o t a l  amount o f  sample in  terms o f  A2eo  u n i t s  was 
determ ined by m easuring the  absorbance a t  260 mp,. A UV spectrum  o f  
the sample was then  tak en .
High V o ltage  E le c t r o p h o r e s i s
To s e p a r a te  the t e t r a n u c l e o t i d e s  c o n ta in e d  in  two o f  the A260  
peaks from the D E A E -ce llu lo se  column o f  th e  com p lete  Ti RNase d i g e s ­
t io n  o f  the  " ren atu rab le"  l e u c in e  tRNA, i t  was n e c e s s a r y  to  use  h ig h  
v o l t a g e  e l e c t r o p h o r e s i s .
The d ep h osp h ory la ted  t e t r a n u c l e o t i d e s  w ere a p p l ie d  to  Whatman 
No. 1 chromatography paper and were p la ced  on the  Savant f l a t  p la t e  
e l e c t r o p h o r e s i s  equipment u s in g  a pH 3«0 b u f fe r  o f  a c e t i c  a c i d : 2  M 
NaOHiH^ ( 2 0 : 3 : 2 8 0 ) .  P i c r i c  a c id  was used as a marker. The runs were  
made a t  3 ,0 0 0  v o l t s  fo r  1 -1  1 / 2  h o u r s .  The papers were th en  removed, 
a llow ed  to  dry and th e  bands were lo c a te d  and e l u t e d  as  d e s c r ib e d  fo r  
paper chromatography.
I d e n t i f i c a t i o n  o f  N u c le o t id e s  and N u c le o s id e s
The d i s t a n c e  t r a v e le d  on the  chrom atographic  paper in  r e l a t i o n  
to  a n u c le o t i d e  (pG) marker and a n u c le o s id e  marker in d ic a t e d  w hether  
a d i g e s t i o n  product co n ta in e d  a phosphate group or n o t .
A f te r  the t o t a l  A26Q o f  th e  sample had been measured as  d e sc r ib e d  
ab ove, the  sample was d i l u t e d ,  i f  n e c e s s a r y ,  to  l e s s  than one A26Q 
u n i t  per m l , and th e  UV spectrum  was scanned from 320 mp, to  about  
220 mp, on the Cary l Ji UV R ecording S p ectrop h otom eter  a t  a scan  speed  
of O.S mq, (3 X) per second and a c h a r t  speed o f  2 in ch es  per m inute.
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I f  the sample was not a m ononucleotide or a n u c l e o s i d e ,  o n ly  the  
n e u tr a l  UV spectrum  was taken  so  th a t  subsequ en t d i g e s t i o n s  o f  the  
sample cou ld  be made.
I f  the chrom atographic in fo rm a tio n  and th e  n e u tr a l  spectrum  in ­
d ic a te d  a monomucleotide or a n u c le o s id e ,  10 p,l o f  )* N HC1 was added 
to  the ap p rox im ate ly  1 ml o f  sample in  the c u v e t t e  to  y i e l d  a pH of  
1-;! a f t e r  thorough m ix in g .  A f t e r  the a c i d i c  UV spectrum  had been  
ta k en ,  10 p,l o f  8 M NaOH was added to  the sample in  th e  c u v e t t e  and 
mixed by in v e r s io n  to  g iv e  a pH o f  about 12 fo r  the  b a s ic  spectrum .
I t  was then p o s s i b l e  to  i d e n t i f y  th e  m o n on uc leo tid es  and n u c le o ­
s id e s  by comparing t h e i r  sp e c tr a  w ith  standard UV s p e c tr a  o f  the known 
n u c le o s id e s .  ( S u b s t i t u t io n  on the r ib o s e  m o ie ty ,  ( i e .  , m e th y la t io n  or 
p h o sp h o r y la t io n )  does not a f f e c t  the UV spectrum  o f  a n u c l e o s i d e ,  so  
th a t  a n u c le o t id e  and n u c le o s id e  w ith  the  same base m o iety  have the  
same UV s p e c t r a . )
The standard sp e c tr a  were fu rn ish ed  by Dr. Simon H sin  Chang from 
work he had conducted on y e a s t  p h e n y la la n in e  tRNA w h i le  a t  Dr. H.G. 
Khorana's la b o r a to r y  a t  th e  U n iv e r s i t y  o f  W isc o n s in .  Many o f  th e se  
s p e c tr a  were o f  the o r g a n ic a l ly  s y n th e s iz e d  minor b a s e s .  The UV 
s p e c tr a  o f  the r ib o n u c le o s id e s  can a l s o  be found in  r e f e r e n c e  1 2 2 , 
which a l s o  o u t l i n e s  th e  known org a n ic  s y n th e s e s  o f  the common and the  
m od ified  n u c le o s id e s  found in  t r a n s f e r  RNA's.
The UV s p e c tr a  and s t r u c t u r e  o f  each o f  the n u c le o s id e s  found 
in " renaturab le"  y e a s t  l e u c in e  tRNA are p resen ted  on the f o l lo w in g  
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A b b r e v ia t io n s
DNA - -  d e o x y r ib o n u c le ic  a c i d ;  RNA - -  r ib o n u c le i c  a c id ;  tRNA - -  
t r a n s f e r  r ib o n u c le i c  a c id ;  tRNA^e t , tRNA***"8 , e t c .  - -  the  tRNA s p e c i e s
th a t  i s  s p e c i f i c  fo r  the  amino a c id  fo rm y lm e th io n in e ,  h i s t i d i n e ,  e t c . ;
Mfi t  Hisformylmethionyl-tRNA^ , h is t id y l- tR N A  , e t c .  - -  th e  am in ocy la ted
tRNA; mRNA - -  m essenger r ib o n u c le ic  a c id
A b b r e v ia t io n s  used fo r  n u c le o s id e s  ( I 3U): A - -  a d e n o s in e ;  C - -
c y t i d i n e ;  m5C - -  5 - n 'e t h y lc y t id in e ; ac4C - -  N4 - a c e t y l c y t i d i n e ; G - -
g u a n o s in e ;  m1G - -  1 -m e th y lg u a n o s in e ; m^J — N2 -me th y 1g u a n o s in e ; m2 ' - -
2 ' -O-methy1g u a n o s in e ; m§G - -  N2 -d im e th y lg u a n o s in e ; U - -  u r id in e ;  D —
5 ,6 -d ih y d r o u r id in e ; T - -  r ib o th y m id in e ; Y — p se u d o u r id in e ;  I  - -
in o s in e ;  X - -  x a n th o s in e ;  ms2 i 6A - -  2 - th io m e th y l-N 6 - i s o p e n t e n y l -
a d e n o s in e ;  i eA - -  N6 - i s o p e n t e n y la d e n o s in e ; oacU - -  5 - ° x y - a c e t i c  a c id
u r id in e ;  s 4U - -  L - t h i o u r i d i n e ; Np - -  n u c le o s id e - 3 ' - p h o s p h a t e ; pN - -
n u c l e o s i d e - 5 ' -p h o sp h a te ; Noh - -  n u c le o s id e ;  N - -  used  to  d e s ig n a t e  a
n u c le o s id e  or a n u c le o t id e  where th e  d i s t i n c t i o n  has p r e v io u s ly  been
made or i s  n ot  n e c e s s a r y ;  NMP - -  n u c l e o s i d e - 5 ' -m onophosphate; NDP - -
n u c l e o s i d e - 5 ' -d ip h o s p h a te ; NTP - -  n u c l e o s id e - 5 ' - t r ip h o s p h a t e
A la - -  a la n in e ;  Arg - -  a r g in in e ;  Asp - -  a s p a r t i c  a c i d ;  Glu —
glu tam ic  a c id ;  Gly - -  g l y c i n e ;  H is  - -  h i s t i d i n e ;  l i e u  - -  i s o l e u c i n e ;
Leu — le u c in e ;  Lys - -  l y s i n e ;  Met^ - -  form ylm eth ion in e;  Met - -
m e th io n in e ;  Phe - -  p h e n y la la n in e ;  Ser - -  s e r i n e ;  Trp - -  tryp top han ;
Tyr - -  t y r o s i n e ;  Val - -  v a l i n e
RNase - -  r i b o n u c l e a s e ; DEAE - -  d i e t h y la m in o e t h y l ; B D - c e l lu lo s e  - -
b on zoy la ted  DEAE-ce 1 lu lo s e  ; '5' - -  th a t  end o f  an o l i g o n u c l e o t i d e  a t
which the >' carbon o f  the term inal sugar m oiety  i s  not a t ta c h e d  to
another  n u c le o t id e ;  5 ' - -  th a t  end o f  an o l i g o n u c l e o t i d e  a t  which
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the 5' carbon o f  the  term in a l sugar m oiety  i s  n o t  a t ta c h e d  to  another  
n u c le o t i d e ;  MAK - -  m eth y la ted  albumin k i e s e l g u r ;  UV - -  u l t r a v i o l e t ;
CD - -  c i r c u l a r  d ic h r o ism ;  ORD - -  o p t i c a l  r o t a t o r y  d i s p e r s io n ;  NMR - -  
n u c le a r  m agnetic  r e s o n a n c e ;  ppm — p a r ts  per m i l l i o n
A260  UV absorbance a t  w ave len gth  o f  260 mp; mp - -  m i l l i ­
micron (10  °  m e te r ) ;  37° ““ 37  d e g r e e s  ( a l l  tem perature measurements  
are g iv e n  in  d e g r e e s  C e n t ig r a d e )
T r i s - C l  - -  T ris(h yd roxym eth y l)am in om eth an e , a d ju s te d  to  d e s ir e d  
pH w ith  h y d r o c h lo r ic  a c i d ;  EDTA - -  e th y len ed ia m in e  t e t r a a c e t a t e ;
TCA - -  t r i c h l o r o a c e t i c  a c id ;  EtOH - -  e th a n o l ;  Et^O - -  e t h y l  e t h e r ;  
l 4 C - -  carbon 1U; ^  - -  t r i t i u m ;  32P — phosphate 32
E. c o l i  - -  E s c h e r ic h ia  c o l i ; su - -  su p p ressor  m utation  
n e g a t iv e ;  su — su p p re sso r  m u tation  p o s i t i v e
The s y s t e m a t ic  names fo r  enzymes used in  th e  r e s e a r c h  p resen ted  
in  t h i s  d i s s e r t a t i o n  are  l i s t e d  below ( I 3 5 ) .
Enzyme Number S y s te m a t ic  Name
A lk a l in e  phosphatase  3*1*3«1 O rthophosphoric  mono­
e s t e r  phosphohydrolase
P o ly n u c le o t id e
ph osph ory lase
2 . 7 . 7.8 P o l y r ib o n u c le o t i d e :
orthoph osphate  n u c le o ­
t i d y l t r a n s f e r a s e
P a n c r e a t ic  r ib o n u c le a s e  2 . 7 .7 - 1 6 R ib o n u c le a te  p y r im id in e -  
n u c l e o t i d e - 2 ' -  
t r a n s f c r a s e
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Enzyme Number
Ti r ib o n u c le a s e  2 . 7 *7*26
P h o s p h o d ie s te r a s e  3 .1 .U .1
S y s te m a t ic  Name
R ib o n u c le a te  gu an in e-  
n u c l e o t i d e - 2 1 - 
t r a n s f e r a s e
O rthophosphoric d i e s t e r  
phosphohydrolase




Method I f o r  P u r i f i c a t i o n  o f  "Renaturable" Y ea st  L eu cine  tRNA (95 )
The " ren atu rab le"  l e u c in e  tRNA th a t  was used fo r  both th e  com plete  
p a n c r e a t ic  RNase d i g e s t i o n  and fo r  the com p lete  Ti RNase d i g e s t i o n  was 
i s o l a t e d  by t h i s  p roced u re .  T h is  p u r i f i c a t i o n  (9 5 )  was c a r r ie d  out  
by o th e r s  in  the la b o r a to r y  (Chang, Harmon and Munninger) and i s  
in c lu d ed  o n ly  f o r  c o m p le te n e ss .
In a p r e l im in a r y  ex p er im en t ,  23 mg o f  crude y e a s t  tRNA, 
prepared as d e sc r ib e d  in  the procedure g iv e n  in  M ethods, was 
a p p l ie d  to  a B D - c e l lu lo s e  column ( 1 .8  x 80 cm) which was e lu t e d  
w ith  a l i n e a r  g r a d ie n t  o f  0 .5  to  1 . 2  M NaCl in  0 .0 5  M NaOAc, pH 5 *0 ,  
in  the c o ld  room (a p p rox im ate ly  li0 ) .  T o ta l  volume o f  the g r a d ie n t  
was 1600  ml and f r a c t i o n s  were c o l l e c t e d  a t  a r a t e  o f  11 ml in  30 
m in u tes .  Absorbance a t  260 mp. was measured fo r  each f r a c t i o n  and 
a cce p to r  a c t i v i t y  fo r  18 amino a c id s  was a ssa y e d  in  ev er y  th ir d  f r a c ­
t i o n .  I t  was found (9 5 )  th a t  " ren atu rab le"  le u c in e  tRNA was the f i r s t  
tRNA to  be e l u t e d  from the column and th a t  the form ylm eth ion in e  tRNA 
was the o n ly  tRNA w ith  any s u b s t a n t i a l  o v e r la p .  There were two sm a lle r  
l e u c in e  a c c e p t in g  peaks e lu t e d  from the column much l a t e r ,  but on ly  
the f i r s t ,  main peak was fu r th e r  p u r i f i e d .
For a la r g e r  s c a l e  p r e p a r a t io n ,  a s h a l lo w e r  NaCl g r a d ie n t  was
used so  th a t  th e  " ren atu rab le"  le u c in e  tRNA cou ld  be sep a ra ted  from 
Metthe tRNAjr w ith  a minimum amount o f  o v e r la p .  F iv e  grams o f  crude  
y e a s t  tRNA was a p p l ie d  to  a B D - c e l lu lo s e  column (h .P x 3Ji0 cm) which  
was e l u t e d  w ith  a l in e a r  g r a d ie n t  o f  O jl M to  0 . 6  M NaCl in  0 .0 5  M 
NaOAc, pH 5 . 0 ,  in  the c o ld  room (V3 ) .  The t o t a l  volume o f  the
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g r a d ie n t  was 6 l i t e r s .  F r a c t io n s  w ere c o l l e c t e d  a t  a f lo w  r a t e  o f  
12 ml in  20 m inutes and w ere measured f o r  ab sorbance  a t  260  mp,.
The amino a c id  a c c e p to r  a c t i v i t y  o f  the  f r a c t i o n s  was scanned by 
in c u b a t in g  a 50 p,l a l i q u o t  from ev ery  fo u r th  tube w ith  50 p.1 o f  a 
m ixture c o n s i s t i n g  o f  0 . 1  M T r i s - C l ,  pH J . k ,  mM 0 -m e r c a p to e th a n o l ,
20 mM MgCl2 , 0 . 1  mM EDTA, 2 .5  mM ATP, 5 M-l o f  crude am inoacyl tRNA 
s y n th e ta s e  s o l u t i o n ,  and 0 .0 5  M> Ci o f  l 4 C - la b e le d  amino a c i d .
The e a r l y  p o r t io n  o f  the  chrom atographic  p a t t e r n  i s  shown in
f ig u r e  1 .  A f i r s t ,  sharp peak c o n ta in e d  l e u c in e  a c c e p to r  a c t i v i t y .
F r a c t io n s  under t h i s  peak were a l s o  a ssa y e d  fo r  a c c e p to r  a c t i v i t y
Val l i efo r  o th e r  amino a c i d s .  Sm all amounts o f  tRNA and tRNA w ere  
found, but no m easurable amount o f  m eth ion in e  a c c e p to r  a c t i v i t y  
was found in  th e  peak.
The a c c e p to r  a c t i v i t y  fo r  le u c in e  in c r e a s e d  tw o - fo ld  a f t e r  the  
f r a c t i o n s  w ere in cu b a ted  a t  60° in  10 mM MgCl2 and c o o le d  s lo w ly  to  
room tem perature ( r e n a tu r a t io n  p r o c e d u r e ) .
The f r a c t i o n s  c o n t a in in g  th e  " ren a tu ra b le"  l e u c in e  tRNA were  
com bined, th e  tRNA was denatured  (procedure g iv e n  in  M ethod s),  
and fu r th e r  p u r i f i e d  on a Sephadex G-lOO column as  d e s c r ib e d  in  
M ethods. The f r a c t i o n s  were measured fo r  absorbance a t  260 mp, and 
fo r  l e u c in e  a c c e p to r  a c t i v i t y .
The e l u t i o n  p r o f i l e  i s  shown in  f i g u r e  2 .  I t  i s  e v id e n t  th a t  the  
l e u c in e  a c c e p to r  a c t i v i t y  c o i n c id e s  w ith  the 260  mp, absorbance in  the  
f i r s t  p eak , in d ic a t i n g  a c o n s ta n t  s p e c i f i c  l e u c in e  a c c e p to r  a c t i v i t y .
FIGURE 1 - -  I s o l a t i o n  o f  " ren atu rab le"  l e u c in e  tRNA by 
chromatography o f  crude b a k e r 's  y e a s t  tRNA on a b e n zo y la ted  
D E A E -ce llu lo se  column (95)-
The B D - c e l lu lo s e  column (U .2  x 1U0 cm) was e lu t e d  w ith  
a l i n e a r  g r a d ie n t  o f  O A  to  0 . 6  M NaCl in  0 .0 5  M NaOAc, pH
5 . 0 ,  a t  k ° .  T o ta l  volume o f  th e  g r a d ie n t  was 6 l i t e r s .  
F r a c t io n s  were c o l l e c t e d  a t  the  r a t e  o f  12 ml in  20 m inutes  
and were measured fo r  absorbance a t  260 mp. The e a r l y  p art
o f  the A260  chrom atographic p a t t e r n  i s  shown --------------- . The
f r a c t i o n s  were a ssa y ed  f o r  l 4 C le u c in e  a c c e p to r  a c t i v i t y  
- - 0 - - 0 - -  and f o r  l 4 C m eth ion in e  a c c e p to r  a c t i v i t y  
as d e s c r ib e d  in  the t e x t .  Sm all amounts o f  v a l i n e  and 
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FIGURE 2 - -  P u r i f i c a t i o n  o f  " ren atu rab le"  le u c in e  tRNA by 
g e l  f i l t r a t i o n  on Sephadex G-100 (9 5 ).
The f r a c t i o n s  from the l e u c in e  a c c e p t in g  peak o f  the BD- 
c e l l u l o s e  column ( f ig u r e  1 ) were com bined, d i a l y z e d ,  co n cen ­
t r a te d  and denatured  as d e s c r ib e d  in  the  t e x t  and in  Methods.
The Sephadex G-lOO column (3  x 120 cm) was e l u t e d  w ith  0 .1 5  M 
NaCl, 0 .0 1  M T r i s - C l , pH 6 . 9 , 0 .5  mM EDTA and 5 mM MgCl2  in  the  
c o ld  room. F r a c t io n s  o f  7 .5  ml in  15 m inutes were c o l l e c t e d  
and measured f o r  absorbance a t  260 mp. The e n t i r e  A260  p r o f i l e
i s  shown --------------- . The a c c e p to r  a c t i v i t y  o f  the f r a c t i o n s  was
q u a n t i t a t i v e l y  assayed  by in c u b a t in g  0 .0 5  A26q absorbance u n i t  
o f  tRNA from ev er y  o th er  tube ( a f t e r  r e n a t u r a t io n )  in  0 . 2  ml o f  
a s o l u t i o n  c o n ta in in g  0 . 2  m mole T r i s - C l  (pH 7-5 )>  1 111 p. mole 
MgCl2 , 0 . 2  p mole EDTA, 10 p i  o f  crude aminoacyl-tRNA s y n th e ta s e  
s o l u t i o n  and 0 . 3  pCi o f  l 4 C le u c in e  0 - - 0 - - 0  or l 4 C v a l i n e  
A --A --A . 100 p i  o f  incubated  s o l u t i o n  was a p p l ie d  to  a f i l t e r
paper d i s c ,  washed and counted  as  d e s c r ib e d  in  Methods. T his  
was the f i n a l  s t e p  in  the p u r i f i c a t i o n  o f  " ren atu rab le"  l e u c in e  



































A ccep tor  a c t i v i t i e s  fo r  s e v e r a l  o th e r  amino a c i d s  under both  A260  
peaks were m easured, and no o th e r  a c c e p to r  a c t i v i t y  was d e t e c t e d  
e x c e p t  fo r  s l i g h t  amounts fo r  g ly c in e  and i n s o l e u c i n e .  The r e s u l t s  
(9 5 )  in d ic a te d  th a t  th e  " ren atu rab le"  l e u c in e  tRNA was a t  l e a s t  70$  
pure. As p o in ted  out by L indahl e t  a l .  ( I I 3 ) ,  t h i s  f i g u r e  i s  more 
p ro p er ly  i n d i c a t i v e  o f  g r e a te r  than 90$  p u r i t y .
From 5 -0  g o f  crude y e a s t  tRNA, 100 mg o f  p u r i f i e d  " ren atu rab le"  
le u c in e  tRNA was r e c o v e r e d .
Method I I  fo r  P u r i f i c a t i o n  o f  "Renaturable" Y ea st  L eu cine  tRNA
When more p u r i f i e d  " ren atu rab le"  l e u c in e  tRNA was needed fo r  the  
p a r t i a l  T i RNase d i g e s t i o n s ,  i t  was found th a t  the  tRNA no lo n g er  
e lu t e d  as the f i r s t  s p e c i e s  from th e  B D - c e l lu lo s e  column. Dr. Simon 
Chang conducted  e x t e n s iv e  ex p er im en ts  on sm a ll  (1 l b . )  q u a n t i t i e s  o f  
b a k e r 's  y e a s t  to  d eterm ine the c o n d i t io n s  needed f o r  p u r i f i c a t i o n .
The problems and p o s s i b l e  r ea so n s  fo r  them w i l l  be p r e s e n te d  in  D i s ­
c u s s i o n .  When a w orkable procedure was fou nd , we conducted  a la r g e  
s c a l e  p u r i f i c a t i o n .
The crude y e a s t  tRNA was prepared a c c o r d in g  to  the procedure  
g iv e n  in  M ethods. A pproxim ately  153>000 A26Q u n i t s  o f  crude tRNA in  
20U m l, prepared from 12 l b .  o f  F le is c h m a n 's  b a k e r 's  y e a s t ,  was 
d ia ly z e d  a g a in s t  2 x  k  l i t e r s  o f  d i s t i l l e d  w ater  in  th e  c o ld  room for  
a t o t a l  o f  6 h o u rs .  A pproxim ately  1^3>000 A260  u n i t s  w ere rec o v ered  
in  500 m l .
The s o l u t i o n  was d i lu t e d  w ith  300 ml o f  , made to  0 .0 1  M
68
T r i s - C l ,  pH 7 . 0 ,  and 0 .0 1  M MgCl2 , and was d iv id e d  e q u a l ly  i n t o  two 
round bottom f l a s k s .  The s o l u t i o n s  w ere brought to  60° w i t h in  3 
m inutes in  a 75° w ater  b a th ,  in cu b ated  a t  60° fo r  5 m in u te s ,  and 
a llo w e d  to  c o o l  to  35° by s ta n d in g  a t  room tem perature and to  25°
by p a s s in g  running  tap  w ater  ov er  th e  f l a s k s .  The s o l u t i o n s  w ere th en
fr o z e n  and l y o p h i l i z e d  o v e r n ig h t .
The s o l u t i o n ,  which had a volume o f  250 ml a f t e r  l y o p h i l i z a t i o n , 
was d ia ly z e d  a g a in s t  2 l i t e r s  o f  0 .0 5  M NaOAc, pH 5 * 0 ,  5 mM MgCl2 and 
0 . 5  M NaCl fo r  th r e e  hours in  th e  c o ld  room.
The ren atu red  tRNA s o l u t i o n  was then  a p p l ie d  to  a B D - c e l lu lo s e  
column (h x I 50 cm, r e g e n e r a te d  B D - c e l l u lo s e )  th a t  had been e q u i l i ­
brated  w ith  0 .0 5  M NaOAc, pH 5 . 0 ,  0 .5  M NaCl and 5 mM MgCl2 in  the  c o ld  
room. The column was e lu t e d  w ith  a l i n e a r  g r a d ie n t  produced w ith  5
l i t e r s  each o f  0 .5  M NaCl and 1 . 0  M NaCl in  the  same b u f f e r .  The c o l ­
umn f lo w  r a t e  was ap p ro x im a te ly  J  ml in  10 m in u te s ,  and 30 minute 
f r a c t i o n s  were c o l l e c t e d .
The absorbance a t  260 mp, o f  each f r a c t i o n  was measured. Every  
f i f t h  f r a c t i o n  s t a r t i n g  w ith  tube 125 was a s sa y e d  fo r  l 4 C le u c in e  
a c c e p to r  a c t i v i t y  by adding 25 (J.1 from each  o f  t h e s e  f r a c t i o n s  to  
100 p,l o f  a s o l u t i o n  th a t  was 0 .0 5  M in  T r i s - C l ,  pH 8 . 0 ,  5 mM in  ATP,
It- mM in  g -m e r c a p to e th a n o l , 0 . 8  mM in  EDTA, 12 mM in  MgCl2 , and con ­
ta in e d  0 .0 5  ml/ml o f  crude am inoacyl tRNA s y n th e ta s e  and 0 .6 2 5  p-c/ml 
o f  l 4 C le u c in e  (50  p.c/ , 8  m l, 331 mc/mm s o l u t i o n  from A m ersham /Searle) .  
I n cu b a t io n  was c a r r ie d  ou t  f o r  20 m inutes  a t  37° and th e  papers were 
w ashed , d r ie d  and counted  as  d e s c r ib e d  in  Methods.
The A2o0  p r o f i l e  and th e  r e s u l t s  o f  the a s sa y  are  shown in  
f ig u r e  3 * The le u c in e  a c c e p to r  a c t i v i t y  a g a in  occurred  in  one major
FIGURE 3 "  I s o l a t i o n  o f  " ren atu rab le"  l e u c in e  tRNA by 
chromatography o f  crude b a k e r 's  y e a s t  tRNA on a b en zo y la ted  
D E A E -ce llu lo se  column.
The crude tRNA s o l u t i o n ,  a f t e r  r e n a tu r a t io n  as d e sc r ib e d  
in  the  t e x t ,  was a p p l ie d  to  th e  b x 150 cm B D - c e l lu lo s e  column 
which was e lu t e d  a t  V3 w ith  a l i n e a r  g r a d ie n t  produced w ith  
5 l i t e r s  each o f  0 .5  M NaCl and 1 . 0  M NaCl in  0 .0 5  M NaOAc, 
pH 5 . 0 ,  and 5mM MgCl2 * F r a c t io n s  w ere c o l l e c t e d  a t  th e  r a t e  
o f  21 ml in  30 m inutes and w ere measured f o r  absorbance a t  
260  ity, and a ssa y e d  fo r  le u c in e  a c c e p to r  a c t i v i t y  as d e sc r ib e d
in  the  t e x t .  The Ageo/ml e l u t i o n  p r o f i l e  --------------- and the
















and two minor p ea k s ,  but th e  main peak was no lo n g e r  th e  f i r s t  tRNA 
s p e c i e s  to  be e lu t e d  from the column. I t  w a s ,  how ever, a d i s t i n c t  
peak, f a l l i n g  o u t s id e  th e  main A26 q peak , so  th a t  some d egree  o f  
p u r i f i c a t i o n  had been accom p lished .
The f r a c t i o n s  from the main l e u c in e  a c c e p t in g  peak ( tu b e s  196 - 
2 3 0 ) were combined to  g iv e  a f i n a l  volume o f  500 m l, c o n t a in in g  
1 1 ,0 0 0  A26Q u n i t s .  The s o l u t i o n  was d ia ly z e d  a g a in s t  2 x 3  l i t e r s  o f  
0.*i M NaCl in  0 .0 5  M NaOAc, pH 5 - 0 ,  in  the c o ld  room fo r  a t o t a l  o f  
6 h o u r s .
The s o l u t i o n  (5^0 ml) was removed from the d i a l y s i s  bags and ap­
p l i e d  to  a B D - c e l lu lo s e  column (2 .5  x 127  cm) th a t  had been e q u i l i ­
brated  in  th e  c o ld  room w ith  O A  M NaCl in  0 .0 5  M NaOAc b u f f e r ,  pH
5 . 0 .  The column was e l u t e d  w ith  a l i n e a r  g r a d ie n t  produced by k  l i t e r s  
each o f  O.U M NaCl and 0 . 8  M NaCl in  0 .0 5  M NaOAc, pH 5 . 0 .  T h ir ty  
minute f r a c t i o n s  o f  15 ml were c o l l e c t e d  and th e  absorbance a t  260  mp, 
was measured fo r  each tu b e .  Every f i f t h  f r a c t i o n  between tu bes 221 
and U50 was a ssa y ed  fo r  l 4 C le u c in e  a c c e p to r  a c t i v i t y  by in c u b a t in g  
a 50 p i  a l i q u o t  from each  o f  th e  a ssa y e d  tu b es  w ith  60  p i  o f  an in c u ­
b a t io n  m ixture prepared by com bining 0 .2 5  ml o f  1 M T r i s - C l ,  pH 8 . 0 ,  
0 .2 5  ml o f  0 . 1  M ATP, 0 . 0 2  ml o f  0 .1  M 3 -m e r c a p to e th a n o l , 0 .2 0  ml o f  
0 .0 2  M EDTA, 0 .0 6  ml o f  1 M MgCl2 , 0 .0 5  ml o f  l 4 C le u c in e  (33^ mc/mm;
50 p c /1 8  ml ) ,  0 .2 5  ml o f  crude aminoacyl-tRNA s y n th e ta s e  and 1 .8 5  ml 
o f  H20 .  (T his was a s l i g h t l y  more co n c e n tr a te d  " c o c k ta i l"  than th a t  
used in  the a s sa y  fo r  th e  p rev io u s  B D - c e l lu lo s e  column. The p rev io u s  
" c o c k ta i l"  co n ta in e d  the same amount o f  each component, but was d i ­
lu te d  to  5 -0  ml in s t e a d  o f  3 - H  ml . )  In cu b ation  was c a r r ie d  out for  
21 m inutes a t  57° » then  100  M-l a l i q u o t s  w ere removed from each tube
FIGURE ^ - -  P u r i f i c a t i o n  o f  " ren atu rab le"  l e u c in e  tRNA by 
chromatography on a b e n z o y la te d  D E A E -ce llu lose  column.
The f r a c t i o n s  from the main le u c in e  a c c e p t in g  peak o f  th e  
p rev io u s  B D - c e l lu lo s e  column ( f i g u r e  3 )  were com bined, d ia ly z e d  
and a p p l ie d  to  a B D - c e l lu lo s e  column (2 .5  x 127 cm) which was 
e lu t e d  a t  w ith  a l i n e a r  g r a d ie n t  produced by U l i t e r s  each  
o f  O.U M NaCl and 0 . 8  M NaCl in  0 .0 5  M NaOAc, pH 5 . 0 .  F rac­
t io n s  o f  15 ml in  30 m inutes were c o l l e c t e d ,  measured for  
absorbance a t  260 mp, and assayed  fo r  le u c in e  a c c e p to r  a c t i v i t y  
as d e sc r ib e d  in  the t e x t .  The A2e o / ml  e l u t i o n  p r o f i l e  ■ ■ 1 ■ — 
and the  l e u c in e  a c c e p to r  a c t i v i t y  ( in  cpm per 50 p,l o f  f r a c t i o n  




















and a p p l ie d  to  f i l t e r  paper d i s c s  w hich were w ash ed , d r ie d  and counted  
as d e s c r ib e d  in  Methods.
The A2eo  e l u t i o n  p r o f i l e  and the r e s u l t s  o f  th e  a s s a y  a re  shown 
in  f ig u r e  I t  can  be s e e n  t h a t  th e r e  was o n ly  one peak o f  l e u c in e
a c t i v i t y  and th a t  i t  c o in c id e d  w ith  a w e l l  s e p a r a te d  A26 q peak . The 
peak occurred  very  l a t e  in  th e  column (a t  a r a th e r  h igh  s a l t  co n cen ­
t r a t i o n )  e s p e c i a l l y  c o n s id e r in g  th e  f a c t  th a t  under a lm o st  i d e n t i c a l  
c o n d i t io n s  (e x c e p t  fo r  column s i z e  and s t e e p n e s s  o f  th e  g r a d ie n t )  the  
tRNA was e lu t e d  as the f i r s t  peak from the B D - c e l lu lo s e  column in  
Method I o f  p u r i f i c a t i o n  ( f i g u r e  1 ) .  T h is  change in  chrom atographic  
p r o p e r t ie s  was u n e x p la in e d ,  a lth ou gh  p o s s i b l e  rea so n s  w i l l  be d i s ­
cu ssed  l a t e r .
F r a c t io n s  from the l e u c in e  a c c e p t in g  peak ( tu b es  377”^50) w ere  
combined to  y i e l d  2966  A26q u n i t s  in  875 m l. The tRNA was denatured  
as d e sc r ib e d  in  M ethods, and th e  " ren atu rab le"  l e u c in e  tRNA was 
sep a ra ted  from o th er  tRNA's by a Sephadex G-100 column as  d e s c r ib e d  
in  Methods. F r a c t io n s  from th e  column w ere measured fo r  absorbance  
a t  260 mjx, and ev er y  o th e r  f r a c t i o n  from tube 52 t o  tube 84- was 
assayed  fo r  le u c in e  a c c e p to r  a c t i v i t y  a s  d e s c r ib e d  in  M ethods.
The A260  e l u t i o n  p r o f i l e  ( e x p r e s s e d ,  as  u s u a l ,  in  A26Q per ml o f  
f r a c t i o n  vo lu em ), and the l e u c in e  a c c e p to r  a c t i v i t y  (e x p r e s s e d  as  
cpm per ml o f  f r a c t i o n  volum e) are  shown in  f i g u r e  5 * I t  can be seen  
th a t  th e  A2 6 0 /ml and the cpm/ml p r o f i l e s  c o in c id e  a lm o st  e x a c t l y  
in d ic a t i n g  a lm ost c o n s ta n t  s p e c i f i c  a c t i v i t y  and a h igh  d eg ree  o f  
p u r ity  fo r  the tRNA.
F r a c t io n s  from the l e u c in e  a c c e p t in g  peak were combined ( tu b e s
FIGURE 5 "  P u r i f i c a t i o n  o f  " ren atu rab le"  l e u c in e  tRNA by 
g e l  f i l t r a t i o n  on a Sephadex G-100 column.
The f r a c t i o n s  w ith  l e u c in e  a c c e p to r  a c t i v i t y  from the  
second  B D - c e l lu lo s e  column ( f i g u r e  U) were com bined, d ia ly z e d  
and denatured  as  d e s c r ib e d  in  th e  t e x t ,  and a p p l ie d  to  a 
Sephadex G-100 column ( 2 .8  x 1^5 cm) which was e l u t e d  a t  U° 
w ith  a 0 .0 1  M T r i s - C l ,  pH 7-0> b u f fe r  c o n t a in in g  0 .1 5  M NaCl,
5 mM MgCl2 and 0 .5  mM EDTA. F r a c t io n s  were c o l l e c t e d  a t  the  
r a t e  o f  7 ml in  15 m in u te s ,  measured fo r  absorbance a t  
260 mp, and assayed  fo r  l e u c in e  a c c e p to r  a c t i v i t y .  The
com plete  A260  e l u t i o n  p r o f i l e  --------------- and the r e s u l t s  o f  the
a s sa y  fo r  l e u c in e  a c c e p to r  a c t i v i t y  ( in  cpm per ml o f  f r a c t i o n  
volume) 0 - - 0 - - 0  are shown. T h is  was th e  f i n a l  p u r i f i c a t i o n  












59 - 7 2 ) to  y i e l d  ap p rox im ate ly  2000 A260 u n i t s  in  90 m l. The s o l u t i o n  
was d ia ly z e d  a g a in s t  g l a s s  d i s t i l l e d  w a ter  ( 2 x 2  l i t e r s )  in  the  c o ld  
room fo r  11 hours and then evap ora ted  to  a volume o f  10 m l. The 
p u r i f i e d  " ren atu rab le"  l e u c in e  tRNA ( in  i t s  d enatured  form) was then  
ready fo r  p a r t i a l  d i g e s t i o n  w ith  Ti RNase.
Complete D ig e s t io n  o f  "Renaturable" L eu cine  tRNA w ith  Ti RNase
For com plete  d i g e s t i o n  w ith  Ti RNase, 500 A26Q u n i t s  o f  th e  " re ­
na tu rab le"  l e u c in e  tRNA, s t i l l  in  d e a c t iv a t e d  form a f t e r  th e  Sephadex  
G-100 column from Method I o f  p u r i f i c a t i o n ,  was f i r s t  d ia ly z e d  a g a in s t  
g l a s s  d i s t i l l e d  w a ter  in  the c o ld  room fo r  18 h o u r s ,  evap ora ted  to  
d ryn ess  and r e d i s s o lv e d  in  3*5 ml o f  w a te r .  The s o l u t i o n  ( c o n t a in in g  
500 A260 u n i t s  o f  " ren atu rab le"  l e u c in e  tRNA) was made 0 . 0 2  M in  T r i s -  
C l ,  pH 7 . ^ ,  and 100 u n i t s  ( in  .2  ml) o f  Ti RNase (Sankyo) were added.  
In cu b a t io n  was c a r r ie d  ou t a t  37° f ° r 5 h ou rs .
The d i g e s t i o n  m ixture was then  made J M in  urea by th e  a d d i t io n  o f  
s o l i d  u r e a ,  and was a p p l ie d  to  a DEAE c e l l u l o s e  column (1 x 77 cm) 
th a t  had been e q u i l i b r a t e d  w ith  0 . 0 2  M T r i s - C l ,  pH 7*5. in  7 M u rea .
The column was e lu t e d  w ith  a l i n e a r  s a l t  g r a d ie n t  produced from one 
l i t e r  each o f  0 .0 0  M NaCl and OAO M NaCl in  0 . 0 2  M T r i s - C l ,  pH 7 . 5 ,  
and 7 M u r e a .  Ten minute f r a c t i o n s  o f  a p p rox im ate ly  3-3 ml were c o l ­
l e c t e d ,  and the  A260 o f  each f r a c t i o n  was measured.
The A260 e l u t i o n  p r o f i l e  fo r  the column i s  shown in  f i g u r e  6 . UV 
s p e c t r a ,  (u s in g  a 7 M urea b lan k ) were taken o f  f r a c t i o n s  l y i n g  a t  
both the f r o n t  and the back o f  each A2BO peak to  t r y  to  determ ine i f  
the peak c o n ta in ed  more than one component. The tu b es  from each o f  
the peaks were then com bined, the t o t a l  volume and t o t a l  absorbance a t
FIGURE 6 - -  Chromatography o f  the  products  o f  com plete  Ti 
r ib o n u c le a s e  d i g e s t i o n  o f  " ren atu rab le"  l e u c in e  tRNA on a DEAE- 
c e l l u l o s e  column.
The column (1 x 75 cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t  
produced from one l i t e r  each o f  0 . 0  M and 0 .b M NaCl in  J M 
urea b u f fe r e d  w ith  0 .0 2  M T r i s - C l ,  pH 7 -5 -  F r a c t io n s  o f  3*3 ml 
in  10 m inutes were c o l l e c t e d  and absorbance a t  260 mp, was 
m easured. D e term in a t io n  o f  the c o m p o s it io n  and n u c le o t id e  
sequence o f  each o f  th e  products  i s  d e s c r ib e d  in  d e t a i l  in  the  
t e x t .  The i d e n t i t i e s  o f  the prod u cts  are  l i s t e d  on page I 76 
in  Table I I I .
26
0




260 mp, w ere measured, and th e  s o l u t i o n s  w ere f r o z e n .  When needed fo r  
sequence a n a l y s i s ,  the  s o l u t i o n s  were thawed, p assed  through B io g e l  
P -2  columns ( 1 .8  x 97  cm) to  remove urea and s a l t  as  d e s c r ib e d  in  
M ethods, evap orated  to  d ryn ess  and r e d i s s o lv e d  in  a sm a ll  amount o f  
w ater  ( 0 . 5 - 1 . 0  m l) .  The sam ples w ere then ready fo r  sequence  
a n a l y s i s ,  d e sc r ib e d  in  d e t a i l  in  th e  f o l lo w in g  s e c t i o n .
Sequence A n a ly s i s  o f  the P roducts  o f  C om pletion  D ig e s t io n  o f  "Rena­
tu ra b le"  L eucine tRNA w ith  Ti RNase
D e s c r ip t io n s  o f  th e  d e te r m in a t io n s  o f  th e  n u c le o t id e  seq u en ces  
o f  th e  Ti RNase d i g e s t i o n  produ cts  o f  " ren atu rab le"  le u c in e  tRNA 
w i l l  be p resen ted  in  d e t a i l .  The n u c le o t id e  seq u en ces  th a t  were  
o b ta in ed  are l i s t e d  in  Table I I I  on page I 7 6 .
Peak 1 (m2Gp)
Peak 1 c o n ta in e d  a t o t a l  o f  8 .7 5  A26q u n i t s .  The m ononucleotide  
was i d e n t i f i e d  by i t s  UV spectrum  as N2 -m eth y lgu an osin e  (UV s p e c tr a  
on page 5 3 ) .  U sing  a molar a b s o r p t i v i t y  o f  1U .0 A260  u n i t s / p  mole 
(1 1 6 ) ,  the peak c o n ta in e d  0 .6 2 5  p mole o f  m2Gp.
Peak 2 (Gp)
UV s p e c tr a  a t  n e u t r a l ,  a c i d i c  and b a s ic  pH's i d e n t i f i e d  the  
m ononucleotide in  t h i s  peak as Gp (UV s p e c tr a  on page 5 1 ) .  The peak 
c o n ta in ed  2 1 .0 9  A2g0  u n i t s  or I .85  p m oles o f  Gp, u s in g  1 1 . U A2 e o /p  
mole as the molar a b s o r p t i v i t y  (^9 ) .
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Peak 3 (ApGp)
D ig e s t io n  o f  2 A2 eo  u n i t s  from t h i s  peak ( in  0 .0 2 5  M NH4HCO3 , 
pH 7 . 5 - 8 ) w ith  10 p i a l k a l i n e  ph osp h atase  (1 p g / p l ) and 10 p i  o f  
snake venom p h o sp h o d ie s te r a s e  f o r  5 hours a t  37° » fo l lo w e d  by paper 
chromatography in  s o l v e n t  B, y ie ld e d  two n u c l e o s i d e s .  A f t e r  e l u t i o n  
and UV s p e c tr a  a t  n e u t r a l ,  a c i d i c  and b a s ic  p H 's ,  the  s lo w er  moving 
band was found to  c o n s i s t  o f  I . 7I  A260  u n i t s  (0 .1 5 0  p m ole)  o f  G o h  
and the f a s t e r  moving band c o n ta in e d  2 .0 3 8  A26Q u n i t s  (O .I 36 p m o le ,  
u s in g  = I 5 .O A2 6 0 /p  m ole)  (^9) o f  Aom . (UV s p e c tr a  on page U7 ) .
The molar r a t i o  o f  G to  A was 1 . 1  to  1 ,  in d i c a t i n g  th a t  peak 3 con ­
s i s t e d  o f  the d in u c le o t i d e  ApGp. (Due to  the s p e c i f i c i t y  o f  Ti 
r i b o n u c l e a s e , a l l  o f  the prod u cts  o f  d i g e s t i o n  w ith  the enzyme would  
be e x p ec te d  to  have a g u a n o s in e -3 1-p h osp h ate  a t  t h e i r  3 ' e n d s ,  and a 
product o f  com plete  d i g e s t i o n  w ith  Ti RNase should  c o n ta in  o n ly  one 
g u a n o s in e .  I t  i s  not n e c e s s a r y ,  t h e r e f o r e ,  to  ca rry  out ex p er im en ts  
to  a c t u a l l y  prove th e  l o c a t i o n  o f  a guanosine  r e s i d u e ,  because i t s  
l o c a t i o n  in  an o l i g o n u c l e o t i d e  t h a t  has been c o m p le te ly  d ig e s t e d  w ith  
Ti RNase i s  f ix e d  a t  the 3' cud o f  th e  o l i g o n u c l e o t i d e .  T hus, a l ­
though peak 3 was n o t  f i r s t  d ep h o sp h o ry la ted  and then  d ig e s t e d  w ith  
snake venom p h o sp h o d ie s te r a se  to  i d e n t i f y  the 5 ' n u c l e o t i d e ,  the  
guanosine  was a u t o m a t ic a l ly  assumed t o  be th e  3 ' n u c l e o t i d e ,  making 
ApGp the  o n ly  p o s s i b l e  se q u e n c e .  The same assum ption  o f  G a s  the 3 1 
term in a l r e s id u e  w i l l  a l s o  be made in  a l l  o f  the f o l l o w i n g  seq uence  
a n a l y s e s . )
There was a t o t a l  o f  3 8 .8 6  A260  u n i t s  in  peak 3* U sing  5$ 
h yp och rom ic ity  ('><’ )» t h i s  was l . v >  p moles o f  ApGp.
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Peak U (Cpac4CpGp)
T h is  peak c o n ta in e d  a t o t a l  o f  16 A260  u n i t s .  D ig e s t io n  o f  5 A260 
u n i t s  in  0 .0 1  M NH4HCO3 w ith  10 p , l  o f  a l k a l i n e  phosphatase  (1 p - g / p l ) ,  
and 10 p , l  o f  p a n c r e a t ic  RNase (10 p g / p l ) ,  a t  37° fo r  5 h o u r s ,  fo l lo w e d  
by chromatography in  s o lv e n t  B (pH 8 - 9 ) y i e ld e d  two n u c le o s id e  bands.  
The s lo w er  moving band, a f t e r  e l u t i o n  and UV s p e c t r a ,  was found to  c o n ­
t a in  2 .0 0 5  A2eQ u n i t s  (O .I 76 p  m ole)  o f  Goh and the  f a s t e r  moving band 
was found t o  c o n s i s t  o f  2 . 3 86 A2eo  u n i t s  o f  Cow Co.31^ P m ole ,  u s in g  
e = 7*6 A260  (jl mole (^9 );  UV s p e c tr a  on page ^8 ] .  The molar r a t i o  o f  
C to  G was 1 .7 9  to  1 . 0 ,  in d i c a t i n g  a t r i n u c l e o t i d e  CpCpGp.
The spectrum  o f  t h i s  peak b e fo r e  d i g e s t i o n ,  how ever, had h ig h e r  
than u su a l  UV a b s o r p t io n  a t  lo n g er  w a v e le n g th s ,  in d i c a t i n g  th a t  the  
peak probably  c o n ta in e d  a minor n u c le o t i d e  which had n o t  y e t  been  
i d e n t i f i e d .
I t  was d ec id ed  to  conduct a second  p a n c r e a t ic  RNase d i g e s t i o n :
5 .^  A260  u n i t s  o f  0 .0 2  M NH4HCO3 (pH J . 5 - 8 . 0 )  w ere d ig e s t e d  w ith  10 p i  
o f  p a n c r e a t ic  RNase a t  37° f o r  1 hour and paper chromatography was 
c a r r ie d  ou t in  s o lv e n t  A (pH 3*7) to  a v o id  the a l k a l i n e  pH th a t  was 
a p p a r e n t ly  decomposing the minor n u c l e o t i d e .  The chromatogram con ­
ta in e d  th ree  n u c le o t i d e  bands t h i s  t im e .  A f t e r  e l u t i o n  and UV s p e c tr a  
the s lo w e s t  one found to  c o n ta in  2 .2 5 7  A260  u n i t s  (O .I98  p m ole) o f  Gp, 
the second c o n ta in e d  2.U20 A26Q u n i t s  ( .3 1 8  P m ole)  o f  Cp, and the  
f a s t e s t  moving band c o n ta in e d  0 .3 7 2  A26q u n i t  o f  a m o d if ied  n u c le o t i d e  
which was i d e n t i f i e d  as a c4Cp (UV s p e c t r a  on page 5 0 )  by i t s  UV s p e c ­
tra  a t  n e u t r a l ,  a c i d i c  and a lk a l i n e  pH 's .  T h is  n u c le o t id e  d e a c y la te d  
in t o  Cp in  a l k a l i n e  pH, as shown by UV s p e c tr a  a f t e r  the n u c le o t id e  
had been a t  a l k a l i n e  pH fo r  th r e e  h o u r s .  D e a c y la t io n  o f  the ac4 Cp
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accounted  fo r  the sm all amount o f  the  n u c le o t i d e  in  th e  chrom ato­
grap h ic  band. The Cp band co n ta in e d  both the a c t u a l  Cp and the Cp 
from d e a c y la t io n  o f  a c 4Cp.
U sing  an approxim ate e o f  8 . 2  A26o/p, mole fo r  a c 4Cp, c a l c u la t e d  
from the f a c t  th a t  the A260 a t  n e u tr a l  pH dropped from O .5I 5 to  0 .^ 7 8  
when the sample o f  ac4Cp was d e a c y la te d  (w ith o u t  a change in  con cen ­
t r a t i o n )  to  Cp Ce = 7 .6  A2 6 0 /m- mole ( ^ 9 ) ] ,  and u s in g  a h yp och rom ic ity  
o f  l ( ty ,  which i s  th e  h yp och rom ic ity  fo r  CpCpGp ( 9 7 ) .  peak U was c a l ­
c u la t e d  to  c o n t a in  0 .6 5 3  |J. mole o f  the  t r i n u c l e o t i d e  (C p,ac4Cp) Gp.
A lthough th e  sequence o f  the t r i n u c l e o t i d e  ( i e . ,  the d e term in a ­
t io n  o f  w hether th e  5 ' n u c le o t i d e  was Cp or a c 4Cp) was o b ta in ed  u s in g  
the t r i n u c l e o t i d e  i s o l a t e d  from one o f  the p a r t i a l  Ti RNase d i g e s t i o n  
products and n ot  th e  t r i n u c l e o t i d e  from th e  com p lete  Ti RNase d i ­
g e s t i o n ,  the r e s u l t s  w i l l  be d i s c u s s e d  a t  t h i s  t im e .
The t r i n u c l e o t i d e  was o b ta in ed  from a DEAE c e l l u l o s e  column a f t e r  
a com plete  Tj. RNase d i g e s t i o n  o f  a p a r t i a l  Ti RNase o l i g o n u c l e o t i d e  
and fu r th e r  p u r i f i e d  by chromatography in  s o l v e n t  A (pH 3 - 7 ) -  Then, 
5 . 3  A260  u n i t s  were in cu b ated  in  .02  M T r i s - C l ,  pH 7*5 > w ith  20 p,l 
a lk a l i n e  p hosphatase  (10 p,g/p,l) a t  37° f ° r 5 1 / 2  hours to  remove the  
term in a l phosphate and chromatographed in  s o l v e n t  A. The ^ . 9  ̂ A260 
u n i t s  o f  the t r i n u c l e o t i d e  e l u t e d  from the chromatogram were made 
0.02 M in  T r i s - C l ,  pH 7*5 > an<3 were in cu b ated  w ith  20 p,l o f  snake  
venom p h o sp h o d ie s te r a se  (1 |_Lg/M-l) a t  37° fo r  8 1 / 2  h o u rs .  The pro­
d u c ts  were sep a ra ted  by chromatography in  s o lv e n t  A and the bands were  
e lu te d  from the paper w ith o u t  f i r s t  w ash ing w ith  EtOllrEt^O (.1 :1 ) .  The 
produc ts  were pG, pac ' c , a band which c o n ta in ed  e i t h e r  a mixture- o f  
pac lC and pC or the u n d ig e s te d  d in u c le o t i d e  (C p ,ac4C p), and the
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f a s t e s t  moving band, c o n t a in in g  th e  n u c le o s id e  c y t i d i n e .  The p resen ce  
o f  the n u c le o t id e  pac4C, even  more than the o ccu rren ce  o f  th e  n u c le o ­
s id e  Coh, proved th a t  the  sequence was Cpac4CpGp.
Peak 5 (UpUpGp; pGp; Cpmg l GpGp)
Chromatography in  s o lv e n t  A sep a ra ted  peak 5 in t o  one d i s t i n c t  
band and tw o, f a s t e r  moving bands th a t  w ere not c o m p le te ly  sep a ra ted  
from each o t h e r .
D ig e s t io n  o f  6 . 9  A260  u n i t s  o f  the  s lo w e s t  moving band w ith  10 p,l 
o f  p a n c r e a t ic  RNase (10 p.g/p.1) and 10 (il o f  a l k a l i n e  phosph atase  
(1 M-g/M-l) in  0 .0 1 3  M NH4HCO3 , fo l lo w ed  by chromatography in  s o lv e n t  B 
y ie ld e d  two n u c le o s id e  bands. A f te r  e l u t i o n  and UV s p e c t r a ,  the  
s low er  moving band was found to  c o n ta in  2 .5 3  A2eo  u n i t s  (0 .2 2 2  p. m ole)  
o f  guanosine  and th e  f a s t e r  moving band c o n ta in e d  3*527 A2 eo  u n i t s  
[ .3 5 3  |a m o le ,  e = 1 0 .0  A2 6 0 /p, mole 0+9 ) J o f  u r id in e  (UV s p e c tr a  on 
page 5 6 ) .  T h is  in d ic a te d  a r a th e r  in c o n c lu s iv e  U to  G r a t i o  o f  1 . 6 .
To o b ta in  more c o n c lu s iv e  in fo rm a t io n  about the number o f  
u r id in e s  in  t h i s  Ti RNase p r o d u ct ,  7 A26Q u n i t s  were d ig e s t e d  in  0 .0 2  
M NH4 HCO3  w ith  20 (j,l o f  a l k a l i n e  phosphatase  f o r  8 hours a t  37° > and 
the d ep h osp h orlya ted  product was chromatographed in  s o lv e n t  A to  r e ­
move th e  enzyme. (The chromatography a l s o  s ep a ra ted  the main band 
from two s lo w er  moving, f a i n t ,  contam inant b a n d s . )  D ig e s t io n  o f  the  
j4 .8  A2 so  u n i t s  recovered  from the chromatogram w ith  10 (il o f  snake  
venom p h o sp h o d ie s te r a s e  (1 p.g/p,l) in  0 . 0 2  M NH4HCO3 a t  37° fo r  8 1 / 2  
h o u r s ,  fo l lo w e d  by chromatography in  s o lv e n t  B, y ie ld e d  two n u c le o ­
t i d e  bands and one n u c le o s id e  band. The s low er  moving n u c le o t id e  
band c o n ta in e d  1 . 7A A;>g0  u n i t s  (0 .1 3 7  m ole) o f  pG, the f a s t e r
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moving n u c le o t id e  band c o n s i s t e d  o f  1.30U A2Q0 u n i t s  (0 .1 3 0  p, m ole)  
o f  pU, and the  n u c le o s id e  (5 '  term in a l r e s id u e )  was i d e n t i f i e d  as  
U o h  (1 .3 3 0  A260  u n i t s ,  0 .1 3 3  P m o le s ) .  This  was a pG:pU:U r a t i o  o f
1 .0 :0 . 9^ :0 .9 7 > in d i c a t i n g  th a t  t h i s  component o f  peak 5 was the  
t r i n u c l e o t i d e  UpUpGp.
D ig e s t io n  o f  th e  o th e r  two bands (from the o r i g i n a l  s o lv e n t  A 
chromatogram o f  peak 5 ) w ith  a l k a l i n e  phosphatase  and p a n c r e a t ic  
RNase gave very  in c o n c lu s iv e  r e s u l t s .  The rem aining p o r t io n s  o f  the  
two bands w e r e ,  t h e r e f o r e ,  combined and 1 0 . 1U A2eo  u n i t s  were d i ­
g e s te d  in  0 .0 2  M NH4HCO3 w ith  20 p i  o f  a lk a l i n e  phosphatase  (1 p g / p l )  
fo r  8 hours a t  37° > fo l lo w e d  by chromatography in  s o lv e n t  A. The d i ­
g e s t io n  y ie ld e d  a band th a t  moved as a n u c le o s id e  and was found to  
c o n ta in  I J 138 A2GO (0 .1 2 6  p, m ole) o f  g u a n o s in e ,  and a s low er  moving 
n u c le o t id e  band. D ig e s t io n  o f  th e  7-^31 A26Q u n i t s  from t h i s  band 
w ith  10 p i  o f  snake venom p h o s p h o d ie s te r a se  (1 p g / p l )  in  0 .0 2  M 
NH4HCO3 a t  37° fo r  8 hours y ie ld e d  two n u c le o t id e  bands and a n u c le o ­
s id e  band. The s low er  moving n u c le o t id e  was found to  be O .I96 p. mole 
(2 .23^  A260  u n i t s )  o f  pG and th e  o th e r  n u c le o t id e  band a l s o  gave a 
guanosine  spectrum  (2 .2 2 6  A2 6 o u n i t s ,  0 .1 9 5  P m o le ) .  S in c e  t h i s  G 
was r e s i s t a n t  to  Ti RNase d i g e s t i o n ,  i t  was i d e n t i f i e d  a s  2 ' -0 -m e th y l  
guanosine ( s p e c tr a  on page 55 » i d e n t i c a l  to  G s p e c t r a ) .  The n u c le o ­
s i d e  band was found to  c o n ta in  1 .^ 0 8  A2 6 q u n i t s  (O .I85 p m ole)  o f  
C oh . T h is  r e s u l t e d  in  a r a t i o  o f  pG:pm2 'G:C o f  1 : 1 : 0 . 9 ^  > in d i c a t i n g  
th a t  t h i s  component o f  peak 5 was the t r i n u c l e o t i d e  Cpm2 'GpGp.
S in c e  peak > was found to  c o n ta in  t r i n u c l e o t i d e s ,  the  p resen ce  
of  the n u c le o s id e  G a f t e r  trea tm en t w ith  a lk a l i n e  phosphatase  i n d i ­
ca ted  th a t  the m ononucleotide must c o n ta in  phosphate groups which
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would g iv e  i t  the  m o b i l i t y  o f  a t r i n u c l e o t i d e  ( i e . ,  from n e g a t iv e  
c h a r g e s ) .  The o th er  component o f  peak 5 w a s ,  t h e r e f o r e ,  pGp which  
w a s,  by v i r t u e  o f  i t s  5 ' phosphate group , the  5 ' t e rm in a l  r e s id u e  o f  
the tRNA m o le c u le .
Peak 5 co n ta in e d  1 8 .8 2  A260  u n i t s  o f  UpUpGp, w h ic h ,  u s in g  a 
hypochrom acity  o f  kefa ( 9 7 ) ,  was ap p rox im ate ly  0.62H p, m ole . There were  
2 l . 6k  A2GO u n i t s  o f  Cpm2 'GpGp, which was e q u iv a le n t  to  0 .8 0 0  p, m ole ,  
c a l c u la t e d  w ith  7$ hypochromic i t y  (97 )»  ant* 3 -576  A2 eo  u n i t s ,  or  
0 .3 1 3  M> mole o f  pGp.
Peak 6 (ApUpGp; pGp)
Peak 6 co n ta in e d  a t o t a l  o f  2 7 -7  A2 6 q u n i t s ;  d i g e s t i o n  o f  1 0 .8  
A2eo  u n i t s  w ith  20 p,l o f  a l k a l i n e  phosph atase  (1 p.g/p.1) in  0 . 0 2  M 
NH4HCO3 for  8 hours a t  3 7 ° ,  fo l lo w e d  by chromatography in  s o lv e n t  A, 
y ie ld e d  a n u c le o t id e  band and a n u c le o s id e  band. The n u c le o s id e  band 
was e l u t e d ,  w ith o u t  E t^ H iE tgO  (1 :1 ) w ash, and was found to  be 1 .0 8 5  
A260  u n i t s  (O.O95 M- m ole) o f  Goh . For the same r ea so n s  g iv e n  in  the  
d i s c u s s i o n  o f  peak 5» t h i s  component o f  peak 6 was pGp. For 5* t e r m i­
n a l  d e te r m in a t io n ,  the 9 - ^ 8  A26q u n i t s  o f  the n u c le o t i d e  band were d i ­
g e s te d  w ith  10 p.1 o f  snake venom p h o sp h o d ie s te r a s e  ( in  0 . 0 2 M NH4HCO3 , 
37°,  8 1 /2  h o u r s ) ,  and the p roducts  were s ep a ra ted  by chromatography  
in  s o lv e n t  B. There were two n u c le o t id e  bands, which were found to  
c o n ta in  3-156  A2GO (O.2 7 6  p, m ole)  o f  pG and 2 . k 2 2  A2 eo  u n i t s  ( 0 . 2 k 2  p, 
m ole) o f  pU, and a n u c le o s id e  band o f  3-570  A2 6 q u n i t s  (0 .2 3 8  p, m ole)  
o f  A o h  . T h is  was a pG:pU:A molar r a t i o  o f  1 : 0 .8 7 0 :0 . i% 2 , in d i c a t i n g  
th a t  t h i s  component o f  peak 0 was ApUpGp.
There was a t o t a l  o f  2 .7 7  A2GO u n i t s  or 0 .2 ^ 3  M- mole o f  pGp and
a t o t a l  o f  2 4 .1 3  A260 u n i t s  o f  ApUpGp, which i s  e q u iv a le n t  to  0 . 7 3 6 p. 
m ole , u s in g  a hypochromic i t y  o f  10^, (9 7 )*
There was a t o t a l  o f  0 .5 5 6  p, mole o f  pGp in  peaks 5 and 6 .
Peak 7 (T pV lpG p)
Because th e  s e p a r a t io n  between peaks 7 and 8 from the DEAE c e l l u ­
l o s e  column was not good , i t  was d ec id e d  to  t r y  to  fu r th e r  p u r i fy  
peak 7 by d e p h o sp h o r y la t io n  o f  1 1 .2 5  A26q u n i t s  w ith  20  p.1 o f  a l k a l i n e  
phosp hatase  (1 p.g/p.1) and chromatography in  s o lv e n t  A. The chrom ato­
graphy r e s u l t e d  in  no s e p a r t io n ,  so  the band was e l u t e d  and 5*43 A26q 
u n i t s  were r e a p p l ie d  to  chromatography paper fo r  h igh  v o l t a g e  e l e c t r o ­
p h o r e s is  in  HOAc:2M NaOH:H20 (2 0 :3 :2 8 0 )  (pH 3 . 0 )  a t  3000 v o l t s  fo r  2 
h o u r s .  Peak 7 was s e p a ra ted  in t o  a main band and a very  f a i n t  second  
band, assumed to  be co n ta m in a t io n  from peak 8 .
The main band (4 .4 4  A26Q u n i t s )  was d ig e s t e d  w ith  20 p i  o f  pan­
c r e a t i c  RNase (10 p.g/p.1) and 20 p.1 o f  a l k a l i n e  phosph atase  (1 p.g/p.1) 
in  0 .0 2  M NH4HC03 fo r  6 1 / 2  hours a t  37° » and th e  p rod u cts  w ere s e p a ­
ra te d  by chromatography in  s o lv e n t  B. There w ere four  n u c le o s id e  
bands. The s lo w e s t  moving band was found to  c o n ta in  1 .4 7 5  A26Q u n i t s  
(0 .1 2 9  p, m ole) o f  G. The second band from the o r i g i n  c o n s i s t e d  o f  
0.^113 A260  u n i t s  o f  7 (UV s p e c tr a  on page 5 9 )  which was eq u a l to  
0 .0 8 8  p. m o le ,  s in c e  e = 9 - 2  A2 6 q/p  mole fo r  7 oh ( 4 9 ) .  The 
th ir d  band c o n ta in ed  1 .0 2 2  A2QO u n i t s  (0 .1 3 4  p, m ole) o f  C, 
and the f a s t e s t  moving band c o n s i s t e d  o f  O.9 8 7  A260  u n i t  o f  T (UV 
s p e c tr a  on page w ) ,  equ a l to  0 .1 1 1  p, m ole , s in c e  e = 8 .9  A2 GO/p, 
mole (5 '1)- These r e s u l t s  gave a G:7:C:T molar r a t i o  o f  1 : 0 . 6 8 : 1 . 0 5 :  
0 . 8 6 .  S in c e  the t e t r a n u c le o t id e  Tp7pCpGp has been observed  in  the
8'*
m a jo r ity  o f  tRNA s p e c i e s ,  th e  n u c le o t i d e  sequence  o f  t h i s  t e t r a -  
n u c le o t id e  was con clud ed  t o  be TpYpCpGp w ith o u t  fu r th e r  sequence  
a n a l y s i s .
Peak 7 c o n ta in e d  a t o t a l  o f  2 1 .6  A2 eo  u n i t s  o f  TpYpCpGp, or 
a p p rox im ate ly  0.635 m o le s ,  i f  th e  hypochromic i t y  i s  e s t im a te d  to
be 9of, (9 6 ) .
P e a k  8 (U p Up Up Gp )
High v o l t a g e  e l e c t r o p h o r e s i s  was a l s o  n e c e s s a r y  to  p u r i fy  the  
major component o f  peak 8 . F i r s t ,  U .8  A2 6 o u n i t s  w ere d ep h osp h ory la ted  
w ith  a l k a l i n e  p h o sp h a ta s e ,  then  th e  produ cts  were sep a ra ted  u s in g  the  
same c o n d i t io n s  fo r  h ig h  v o l t a g e  e l e c t r o p h o r e s i s  a s  w ere used for  
peak 7 ,  r e s u l t i n g  in  th r e e  bands. The s lo w e s t  moving band c o n s i s t e d  
o f  o n ly  0.65*+ A260  u n i t  o f  a c o n ta m in a n t ,  which a f t e r  fu r th e r  a n a l ­
y s i s ,  appeared to  be th e  t e t r a n u c l e o t i d e  <£p(Cp, Up)Gp. T h is  probably  
r e s u l t e d  from in co m p le te  d i g e s t i o n  o f  peak 1 6 ,  which w i l l  be d is c u s s e d  
l a t e r .
The o th er  contam inant band c o n ta in e d  0 .9 7 ^  A2eo  u n i t  o f  TpYpCpGp, 
i d e n t i f i e d  by i t s  e l e c t r o p h o r e t i c  m o b i l i t y  which was i d e n t i c a l  to  a 
marker TpYpCpGp from peak J .
The band th a t  had the f a s t e s t  t r a v e l  r a t e  toward th e  anode and 
which c o n ta in e d  2 .7 6 1  A260  u n i t s ,  was the major component o f  peak 8 . 
D ig e s t io n  o f  1.1*17 A2 eo  u n i t s  o f  t h i s  component w ith  10 p,l o f  snake  
venom p h o sp h o d ie s te r a s e  (1 uig/|j,l) an  ̂ chromatography in  s o lv e n t  B 
y ie ld e d  two n u c le o t id e  bands and one n u c le o s id e  band. The s low er  
moving n u c le o t id e  band was found to  c o n ta in  0 .6 6 2  A2eo  u n i t  (0 .0 5 7  
m ole) o f  pG and the o th e r  one c o n ta in e d  0 .6 2 9  A2 6 q u n i t  (0 .0 6 6  (1 m ole)
o f  pU. The n u c le o s id e  band c o n ta in e d  0 . 2 2 2  A260 u n i t  (0 .0 2 3  M- m ole)  
o f  Uo*. T h is  gave a molar r a t i o  o f  pG:pU:U o f  1 : 1 . 1 6 : 0 . ^ 0 ,  which  
r a th e r  i n c o n c l u s i v e l y  in d ic a t e d  th a t  th e  main component o f  peak 8 
was the t r i n u c l e o t i d e  UpUpGp. But the  t r i n u c l e o t i d e  UpUpGp had a l ­
ready been i d e n t i f i e d  c o n c l u s i v e l y  in  peak 5 and, more im p o r ta n t ly ,  
any o l i g o n u c l e o t i d e  o c c u r r in g  in  peak 8 sh ou ld  be a t  l e a s t  four  
n u c le o t i d e s  lo n g ,  s in c e  peak 7 c o n ta in e d  a t e t r a n u c l e o t i d e . I t  w a s ,  
t h e r e f o r e ,  co n c lud ed  th a t  t h i s  o l i g o n u c l e o t i d e  had to  be th e  t e t r a ­
n u c le o t i d e  UpUpUpGp, a c o n c lu s io n  th a t  was con firm ed  when t h i s  t e t r a ­
n u c le o t id e  was l a t e r  found in  one o f  th e  p a r t i a l  Ti RNase d i g e s t i o n  
p r o d u c t s .
Peak 8 ,  which c o n ta in e d  a t o t a l  o f  3 9 -9  A2 eo  u n i t s ,  c o n ta in e d  
2 2 .9 9  A260 u n i t s ,  or 0 . 5 9 7  p. m o le ,  o f  UpUpUpGp, u s in g  7^ hypo-  
c h r o m ic ity  (9 7 )-
Peak 9 (m5CpApApGp; UpApApGp)
S in c e  peak 9 c o n ta in e d  a t o t a l  o f  6 1 .1 5  A26Q u n i t s ,  i t  was very  
l i k e l y  th a t  i t  c o n s i s t e d  o f  two o l i g o n u c l e o t i d e s .  To s e p a r a te  them,
1 1 .8 8  A260 u n i t s  were d ig e s t e d  w ith  20 p,l o f  a l k a l i n e  p h osp h atase  in  
0 .0 2  M NH4HCO3 a t  37° fo r  8  hours to  remove the 3' te r m in a l  p hosphates  
and chromatography in  s o lv e n t  A was co n d u cted ,  r e s u l t i n g  in  two bands.  
The 5 .3 0 6  A2n0 u n i t s  in  the s lo w er  moving band w ere d ig e s t e d  w ith  
20 p.1 o f  p a n c r e a t ic  RNase (10 p.g/p.1) and 20 p.1 o f  a l k a l i n e  p hosph atase  
(1 p.g/p.1) ( 0 .0 2  M NH4HCO3 , 3 7 ° ,  6 h o u r s )  and the  p rod u cts  w ere s e p a ­
ra ted  by chromatography in  s o lv e n t  B. There was one n u c le o s id e  band 
which was found to  c o n t a in  1 . 1 1 7 A2 6 q u n i t s  (0 .1 1 1  p, m ole) o f  U, and 
and th e r e  was one n u c le o t id e  band. The n u c le o t id e  band was put in t o
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s o lv e n t  A to  s e e  i f  i t  c o n ta in e d  more than one o l i g o n u c l e o t i d e ,  but  
th e r e  was no s e p a r a t io n .  The 3 .7 9 8  A260  u n i t s  o f  t h i s  band w ere then  
d ig e s t e d  w ith  20 p.1 o f  snake venom p h o sp h o d ie s te r a s e  ( 0 .0 2  M NH4HCO3 , 
3 7 ° ,  6 h o u r s )  fo r  5 ' term in a l r e s id u e  i d e n t i f i c a t i o n .  Chromatography  
in  s o lv e n t  B y ie ld e d  two n u c le o t i d e s  and one n u c le o s id e  band. The 
s lo w er  moving n u c le o t i d e  band was found to  c o n t a in  1 .2 2 6  A260  u n i t s  
(0 .1 0 7  (-1 m ole) o f  pG and th e  o th e r  band c o n ta in e d  1 .5 2 5  A26Q u n i t s  
(0 .1 0 2  p, m ole) o f  pA. The n u c le o s id e  was i d e n t i f i e d  a s  1 .0 6 0  A26Q 
u n i t s  (0 .0 7 1  p. m ole)  o f  A o h  , making A th e  5' end o f  th e  o l i g o n u c l e o ­
t i d e  .
These r e s u l t s  gave a pG:pA:A molar r a t i o  o f  1 . 0 : 1 . 0 : 0 . 7> id e n ­
t i f y i n g  the t r i n u c l e o t i d e  as  ApApGp. S in c e  p a n c r e a t ic  d i g e s t i o n  o f  
the o r i g i n a l  o l i g o n u c l e o t i d e  had y ie ld e d  0 .1 1 1  ^ mole o f  U and 
a p p rox im ate ly  0 .1 0 7  p. mole o f  ApApGp, and s in c e  th e  Gp had to  be a t  
the 3 ' end o f  the o l i g o n u c l e o t i d e ,  t h i s  component o f  peak 9 was id e n ­
t i f i e d  a s  the t e t r a n u c l e o t i d e  UpApApGp.
The o th e r  component o f  peak 9 was i d e n t i f i e d  in  a s im i l a r  manner: 
The U .792 A2 30 u n i t s  from th e  f i r s t  chromatography in  s o l v e n t  A were  
d ig e s t e d  w it l i  20 p.1 o f  p a n c r e a t ic  RNase (10 p.g/p.1) and 20 p.1 o f  a lk a ­
l i n e  p h o sp h a ta se ,  and one n u c le o s id e  and one n u c le o t i d e  band r e s u l t e d  
from chromatography in  s o lv e n t  B. The n u c le o s id e  band, which co n ­
ta in e d  0 .6 3 3  A260  u n i t ,  was i d e n t i f i e d  by n e u t r a l ,  a c i d i c  and a l k a l i n e  
sp e c tr a  as  m5C ( s p e c tr a  shown on page U9 ) .  U sin g  an approxim ate molar 
a b s o r p t i v i t y  o f  6 .0  A2 6 o u n its /p ,  mole fo r  n^C (99 )» th e  0 .6 3 3  A260 
u n i t  was a p p rox im ate ly  eq ua l to  0 .1 0 5  p m ole.
Chromatography o f  the  n u c le o t i d e  band from the second peak 9 
component in  s o lv e n t  A d id  not y i e l d  fu r th e r  s e p a r a t io n ,  so  the 3-759
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A^eo u n i t s  from the  band w ere d i g e s t e d  w ith  20  p,l o f  snake venom 
p h o sp h o d ie s te r a s e  (1  p,g/p.l) and the  prod u cts  w ere se p a r a te d  by c h ro ­
matography in  s o lv e n t  B to  d eterm ine the  5' term in a l r e s id u e .  There  
were two n u c le o t i d e  bands, which w ere found to  c o n ta in  1 .1 1 3  A26q 
u n i t s  ( 0 .0 9 7  P- m ole)  o f  pG and 1 .4 6 5  A2 s o  u n i t s  (O.O98  p. m ole )  o f  
pA r e s p e c t i v e l y ,  and a n u c le o s id e  band which c o n ta in e d  1 .4 5 0  A2QO 
u n i t s  (0 .0 9 7  P- m ole) o f  Aoh . These r e s u l t s  gave a pG:pA:A molar 
r a t i o  o f  1 : 1 : 1  and i d e n t i f i e d  th e  t r i n u c l e o t i d e  as  ApApGp. There was 
ap p rox im ate ly  0 .0 9 7  P- mole o f  ApApGp, g iv i n g  a 1 . 0  to  1 . 0 8  r a t i o  b e­
tween ApApGp and m5Cp and i d e n t i f y i n g  t h i s  component o f  peak 9 as  
t e t r a n u c l e o t i d e  m5CpApApGp.
Peak 9 c o n ta in e d  ( i )  a t o t a l  o f  2 8 .8  A26Q u n i t s  o f  UpApApGp, 
which was ap p rox im ate ly  0 .7 0 1  p. m o le ,  u s in g  an e s t im a te d  hypochromic i t y  
o f  20^, ( 9 7 ) ,  and ( i i )  a t o t a l  o f  2 4 .6 6  A26Q u n i t s  o f  n^CpApApGp, which  
was ap p rox im ate ly  O.65 I  p, m o le ,  u s in g  an e s t im a te d  hypochromic i t y  o f
20^ (9 7 ).
Peak 10 (R e la ted  to  peak 1 2 )
Peak 10 c o n ta in e d  o n ly  7*5 A2eo  u n i t s .  D ig e s t io n  w ith  a l k a l i n e  
phosp hatase  and p a n c r e a t ic  RNase, fo l lo w e d  by chromatography in  s o lv e n t  
B, y i e ld e d  two n u c le o t i d e  bands and a n u c le o s id e  band. The n u c le o s id e  
was found to  be Coh and th e  o l i g o n u c l e o t i d e s ,  a f t e r  d i g e s t i o n  w ith  
snake venom p h o s p h o d ie s t e r a s e ,  were found t o  be ApApC and ApC w ith  the  
molar r a t i o  o f  ApApC:ApC:C b e in g  1 : 1 : 2 .  S in c e  t h i s  o l i g o n u c l e o t i d e  
d id  not c o n t a in  a g u a n o s in e ,  i t  had to  be from th e  3 ' te rm in a l end o f  
the tRNA m o le c u le .  Peak 12 was s u b s e q u e n t ly  i d e n t i f i e d  a s  th e  3' 
term in a l r e s id u e  and was found to  c o n ta in  one more C r e s id u e  than
oo
peak 1 0 , so  th a t  peak LO i s  o s so n t . ia l . ly  poak 10  minus one ;>' t e r m i­
n a l Coh .
The 7 -5  A2 eo  u n i t s  were ap p rox im ate ly  0 .1 1 5  M< m ole , u s in g  an 
e s t im a te d  h yp och rom ic ity  o f  20$ (9 8 ) .
P e a k  11 ( R e l a t e d  t o  p e a k  1 6 )
Peak 11 co n ta in e d  o n ly  I 5 .6 6  A260  u n i t s .  D ig e s t io n  w ith  pan­
c r e a t i c  RNase and a l k a l i n e  phosphatase  fo l lo w e d  by chromatography in  
s o lv e n t  B gave fo u r  bands. I d e n t i f i c a t i o n  o f  th e  prod u cts  o f  the  
snake venom p h o sp h o d ie s te r a s e  d i g e s t i o n  o f  th e s e  bands in d ic a te d  th a t  
th e  peak 11 o l i g o n u c l e o t i d e  was probably  a d i g e s t i o n  product o f  the  
peak 16 o l i g o n u c l e o t i d e  which w i l l  be d is c u s s e d  l a t e r .
P e a k  12 (C pA pA pCpC pA pC pC oH )
D ig e s t io n  o f  1 1 .1  A260  u n i t s  o f  peak 12 w ith  20 p i  o f  p a n c r e a t ic  
RNase (10 p g / p l )  and 20 p i  o f  a l k a l i n e  phosphatase  (1 pg/M-l) in  0 .0 2  M 
NH4HCO3 a t  37° fo r  6 h o u r s ,  fo l lo w e d  by chromatography in  s o lv e n t  B 
y ie ld e d  th r e e  bands. The n u c le o s id e  band was found to  c o n ta in  3-235  
A260  u n i t s  (O.U26 p m ole) o f  C o h .
The s lo w e s t  moving n u c le o t id e  band co n ta in e d  5*04-5 A26Q u n i t s  o f  
an o l i g o n u c l e o t i d e  which was then  d ig e s t e d  w ith  20 p i  o f  snake venom 
p h o sp h o d ie s te r a s e  (1 p g / p l )  fo r  5 hours in  0 .0 2  M NH4HCO3 a t  37° to  
determ ine the 5 ' term in a l r e s id u e .  Chromatography in  s o lv e n t  B 
y ie ld e d  a n u c le o t id e  band and a n u c le o s id e  band. The n u c le o s id e  band 
was found to  c o n ta in  2 .1 8 3  A2 6 q u n i t s  (0 .1 4 6  M> m ole) o f  A o h  . The 
n u c le o t id e  band was put in t o  s o lv e n t  A and fu r th e r  r e s o lv e d  in t o  two 
n u c l e o t i d e s .  The s low er  moving band was found to  c o n ta in  1 .1 5 9  A26Q 
u n i t s  (O .I 36 p m ole) o f  pC, and the o th e r  n u c le o t id e  was i d e n t i f i e d
as pA ( P .106 A2o0  u n i t s ,  O .l lO  p m o le ) .  These r e s u l t s  in d ic a te d  th a t  
t h i s  p a n c r e a t ic  RNase p ro d u ct ,  w ith  a pC:pA:Aon molar r a t i o  o f  l.O f':  
O.9 6 : 1 . 0 0 , was the t r i n u c l e o t i d e  ApApC [ 0 .1 6 0  p. m ole , u s in g  18;  ̂
hypochromic i t y  (9 8 )"].
The o th e r  r .u c le o t id e  band (3.6kj> A260  u n i t s )  from the p a n c r e a t ic  
RNase d i g e s t i o n  o f  peak 12 was a l s o  t r e a te d  w ith  20 p i  o f  snake venom 
p h o s p h o d ie s te r a s e .  Chromatography o f  th e  prod ucts  in  s o lv e n t  B gave  
one n u c le o t id e  band and one n u c le o s id e  band. The n u c le o t i d e  band, 
which was put i n t o  s o lv e n t  A w ith  no r e s u l t a n t  s e p a r a t io n ,  was found 
to  c o n ta in  1 .0 3 7  A2eo  u n i t s  (O.lUO p m ole) o f  pC. The n u c le o s id e  was 
found to  be 2 .2 8 0  A2eo  u n i t s  (O .I52 p m ole) o f  A o h  . T h is  was a pC:AoH 
molar r a t i o  o f  0 . 9 2 : 1 . 0 0 ,  in d i c a t i n g  th a t  t h i s  p a n c r e a t ic  RNase d i ­
g e s t io n  product o f  peak 12 was the d in u c le o t i d e  ApC [ 0 . I 7I  pi m o le ,  
u s in g  5$ h yp och rom ic ity  (9 8 ) ] .
The p a n c r e a t ic  RNase a l k a l i n e  phosph atase  p roducts  from peak 1 2 ,  
t h e r e f o r e ,  occu rred  in  a molar r a t i o  ApApC:ApC:C o f  1 . 0 : 1 . 1 : 2 .7  i n ­
d i c a t i n g  the p resen ce  o f  ApApCp, ApCp and th r e e  c y t i d i n e s  in  the  
o l i g o n u c l e o t i d e  from peak 1 2 .
To i d e n t i f y  the 3 ' term in a l r e s id u e  o f  th e  o l i g o n u c l e o t i d e ,  3 -2  
A260  u n i t s  were d ig e s t e d  in  0 .0 2  M NH4HCO3 w i th  20 p i o f  p a n c r e a t ic  
RNase (10 p g / p l )  fo r  6 h o u r s ,  and th e  products  were sep a ra ted  by 
chromatography in  s o lv e n t  B. S in c e  th e  3 '  term in a l r e s id u e  o f  the  
tRNA m olecu le  has a f r e e  hydroxyl group , and s in c e  the  d i g e s t i o n  was 
conducted w ith o u t  a l k a l i n e  p h o sp h a ta se ,  any d i g e s t i o n  product w ith o u t  a 
3' term in a l phosphate must be from the 3 ' end o f  th e  tRNA as w e l l  as  
from the 3' end o f  the o l i g o n u c l e o t i d e .  A n u c le o s id e  band was found 
to  c o n ta in  0 .8 1 5  A2eo  u n i t  (0 .1 0 7  p m ole) o f  C o h .  T h e r e fo r e ,  the 3'
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term in a l r e s id u e  was a c y t i d i n e  and i t  must be im m ed iate ly  preceded  
on i t s  5 '  s id e  by another  c y t i d i n e ,  s in c e  p a n c r e a t ic  RNase d i g e s t i o n  
r e l e a s e d  a n u c le o s id e  and C was the o n ly  p yr im id in e  in  the  
o l i g o n u c l e o t i d e .
To c o m p le te ly  determ ine the  n u c le o t i d e  sequence o f  the  o l i g o ­
n u c l e o t i d e ,  i t  was n e c e s s a r y  to  cond uct a p a r t i a l  d i g e s t i o n  w ith  snake  
venom p h o s p h o d ie s te r a s e .  S in c e  th e  o l i g o n u c l e o t i d e  c o n ta in e d  no 
guan osine  r e s id u e ,  i t  was o b v io u s ly  th e  3 ' t erm in a l  end from th e  tRNA 
m olecu le  and as  such did  not r e q u ir e  d ep h o sp h o r y la t io n  w ith  a lk a l i n e  
phosph atase  p r io r  to  snake venom d i g e s t i o n ,  because i t  co n ta in e d  a 
f r e e  h yd roxy l group a t  th e  3 ' end.
For the d i g e s t i o n ,  25 p.1 o f  snake venom p h o sp h o d ie s te r a s e  (1 p,g/ 
111) was added to  2 0 .8  A2 6 q u n i t s  o f  the peak 12 o l i g o n u c l e o t i d e  in  
0.G ml o f  H20 c o n t a in in g  50 p. m oles o f  NH4HCO3 . D ig e s t io n  was 
a llo w ed  to  c o n t in u e  a t  37° fo r  10  m in u te s ,  and the in c u b a t io n  m ixture  
was then a p p l ie d  im m ediate ly  (w ith o u t  a d d i t io n  o f  u rea )  to  a DEAE- 
c e l l u l o s e  column (1  x j k  cm) th a t  had been e q u i l i b r a t e d  w ith  0 .0 2  M 
T r i s - C l ,  pH 7 .5 »  in  7 M u rea .
The column was e lu t e d  w ith  a l i n e a r  s a l t  g r a d ie n t  o f  0 .0 0  M to  
0.U0 M NaCl in  0 .0 2  M T r i s - C l ,  pH 7 - 5 ,  7 M u r e a .  (T o ta l  volume o f  
g r a d ie n t  was 800 m l . )  The column flow  r a t e  was 0 .1 6  m l/m in u te ,  and 
10 minute f r a c t i o n s  o f  ap p rox im ate ly  1 .6  ml were c o l l e c t e d .  The 
absorbance a t  260 mp, o f  each f r a c t i o n  was measured, and the  A260 
e l u t i o n  p r o f i l e  fo r  the column i s  shown in  f ig u r e  J .
Peak 1 ,  w ith  1 .8 3 3  A2G0 u n i t s ,  o b v io u s ly  co n ta in e d  m onoucleo-  
t i d e s ,  and peak 9 ,  w ith  o n ly  O.68U A2go u n i t ,  d id  not have enough 
m a te r ia l  for  fu r th e r  c h a r a c t e r i z a t i o n .
FIGURE 7 D E A E -ce llu lose  column chromatography o f  the  
products  formed by p a r t i a l  snake venom p h o s p h o d ie s te r a s e  d i g e s ­
t i o n  o f  the Ti RNase peak 12 o l i g o n u c l e o t i d e  ( f i g u r e  6 ) .
The column (1 x j 6  cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t  
produced by UOO ml each o f  0 . 0  M and 0 A  M NaCl in  7 M u rea ,  
0 . 0 2  M T r i s - C l ,  pH 7*5 . F r a c t io n s  o f  1 . 6  ml in  10 m inutes were  
c o l l e c t e d .  D e term in a t io n  o f  th e  c o m p o s it io n  and 3 '  term in a l  
r e s id u e  o f  each o f  th e  p rod u cts  i s  d e s c r ib e d  in  d e t a i l  in  the  
t e x t .  I d e n t i t i e s  o f  the products  are  a s  f o l lo w s :
Peak 3 CpApApCpCoH 
Peak - -  CpApApCpCpAon 
Peak 5 CpApApCpCpApCow 











The I . 5I 5 A2 60 u n i t s  o f  peak 3 were passed  through a B io g e l  P -2  
column ( s e e  M ethods),  e v a p o r a te d ,  r e d i s s o lv e d  in  0 .2 5  ml  o f  0 .0 2  M 
T r i s - C l ,  pH 7 . 5 ,  and d ig e s t e d  w ith  10 p,l o f  p a n c r e a t ic  RNase a t  37° 
fo r  6 h o u r s .  Chromatography in  s o lv e n t  B y ie ld e d  0 .1 1 2  A2eo  u n i t  o f  
C o h . S in c e  p a r t i a l  snake venom p h o sp h o d ie s te r a s e  d i g e s t i o n  l e a v e s  a 
f r e e  3 ' h yd roxy l group , t h i s  r e s u l t  in d ic a t e d  th a t  the  3 '  enc* o f  t h i s  
o l i g o n u c l e o t i d e  was C o h  and th a t  the C o h  was preceded  (on i t s  5 1 s i d e )  
by an oth er  c y t i d i n e  r e s id u e .
Peak 4 c o n ta in e d  2 .^ 3  A260 u n i t s  o f  an o l i g o n u c l e o t i d e  t h a t  was 
assumed to  be one n u c le o t id e  r e s id u e  lo n g er  than the o l i g o n u c l e o t i d e  
in  peak 3 ,  s in c e  snake venom p h o sp h o d ie s te r a s e  removes one r e s id u e  a t  
a t im e .  D ig e s t io n  o f  th e  peak ^ o l i g o n u c l e o t i d e  w ith  10 p i o f  pan­
c r e a t i c  RNase (10 p g / p l )  in  0 . 0 2  M NH4HCO3 a t  37° f ° r 6 h o u r s ,  f o l ­
lowed by chromatography in  s o lv e n t  B y ie ld e d  a p p rox im ate ly  0 .0 3 5  M- 
mole o f  the t r i n u c l e o t i d e  ApApCp ( i d e n t i f i e d  a f t e r  d i g e s t i o n  w ith  snake  
venom p h o s p h o d ie s te r a s e  and a l k a l i n e  p h o s p h a ta s e ) ,  0 .0 8 0  p. mole o f  Cp 
and 0 .0 3 0  p mole o f  A o h .  These r e s u l t s  in d ic a te d  th a t  a d en o s in e  was 
the 3 ' t e rm in a l  r e s id u e  o f  an o l i g o n u c l e o t i d e  which a l s o  c o n ta in e d  two 
c y t i d i n e  r e s id u e s  and ApApCp.
D ig e s t io n  o f  the  6 .8 6 2  A26Q u n i t s  o f  the o l i g o n u c l e o t i d e  in  peak 5 
w ith  10 p i  o f  p a n c r e a t ic  RNase (10 Pg/M-1) in  0 .0 2  M NH4HCO3 a t  37° f ° r 
6 1 / 2  h o u r s ,  fo l lo w e d  by chromatography in  s o l v e n t  A y i e ld e d  two 
n u c le o t id e  bands. The s lo w er  moving band was e lu t e d  (I+.3I 0 A26Q 
u n i t s ) ,  and r e a p p l ie d  to  paper fo r  chromatography in  s o lv e n t  B which  
sep a ra ted  i t  in t o  two com ponents. The s lo w er  moving com ponent, a f t e r  
d i g e s t i o n  w ith  a l k a l i n e  p h o sp h a ta se ,  chromatography in  s o lv e n t  A and 
d i g e s t i o n  w ith  snake venom p h o s p h o d ie s t e r a s e ,  y i e ld e d  pC, pA and A o h
in  a molar r a t i o  o f  1 . 0 7 :0 . 9 6 :1 . 0 0 , i d e n t i f y i n g  the t r i n u c l e o t i d e  
ApApCp. The second component was found to  be Cp, in  a molar r a t i o  
o f  2 .2  to  1 . 0  w ith  ApApCp.
The f a s t e r  moving band (1 .8 7 2  A260  u n i t s )  from the o r i g i n a l  
chrom atographic s e p a r a t io n  in  s o lv e n t  A was d ig e s t e d  w ith  snake venom 
p h o sp h o d ie s te r a se  (no trea tm en t w ith  a l k a l i n e  p h o sp h a ta se )  and c h r o ­
matography in  s o lv e n t  B y ie ld e d  0 .5 5 8  A260  u n i t  (0 .0 7 5  m ole) o f  pC 
and 0 .9 8 4  A260 u n i t  (0 .0 6 5  p. m ole)  o f  A o h  fo r  a pC : A o h  molar r a t i o  
o f  1 . 1 5 : 1 . 0 0 .  The f a c t  th a t  smake venom p h o sp h o d ie s te r a s e  was a b le  
to  d i g e s t  t h i s  d i n u c le o t i d e  w ith o u t  p r io r  d e p h o sp h o y la t io n  by a l k a l i n e  
phosph atase  proved th a t  th e  d in u c le o t i d e  c o n ta in e d  a f r e e  3 ' term in a l  
hydroxy l group and was t h e r e f o r e  a t  the 3 '  end o f  th e  peak 5 o l i g o ­
n u c le o t id e  .
These r e s u l t s  in d ic a te d  th a t  th e  o l i g o n u c l e o t i d e  in  peak 5 co n ­
ta in e d  ApApCp, 2 Cp and ended in  ApCoH .
Peak 6 c o n ta in e d  7*50 A2 eo  u n i t s  and was the i n t a c t  o l i g o n u c l e o ­
t i d e ,  which had a lr e a d y  been shown to  end in  CpCoH. The o l i g o n u c l e o ­
t i d e  from peak 6 w a s ,  t h e r e f o r e ,  d ig e s t e d  w ith  10  p.1 o f  snake venom 
p h o sp h o d ie s te r a se  ( in  0 .0 2  M NH4HCO3 a t  37° f ° r 6 h o u r s )  fo r  a 5 1 
term in a l r e s id u e  d e te r m in a t io n .  Chromatography in  s o lv e n t  B gave 
th ree  n u c le o t id e  bands (which were fu r th e r  c h a r a c t e r iz e d )  and O .8I 5 
A2GO u n i t  o f  a n u c le o s id e  c y t i d i n e .
From the  in fo r m a t io n  o b ta in ed  about peak 1 2 ,  i t  was p o s s i b l e  to  
deduce i t s  n u c le o t id e  seq uence: The i n t a c t  o l i g o n u c l e o t i d e  had a 5 1
term in a l c y t i d i n e  and a 3 ' term in a l c y t i d i n e ;  th e  o l i g o n u c l e o t i d e  
w ith  one l e s s  r e s id u e  than the in t a c t  o l i g o n u c l e o t i d e  ended in  ApCoH; 
the n ext o l i g o n u c l e o t i d e  en d ed , p r e d ic t a b l y ,  in  A o h ;  and th e  s h o r t e s t
o l i g o n u c l e o t i d e  th a t  was o b ta in ed  from the p a r t i a l  snake venom 
p h o s p h o d ie s te r a se  d i g e s t i o n  gave a  C o h  upon d i g e s t i o n  w ith  pan cre­
a t i c  RNase, in d i c a t i n g  i t  ended in  th e  sequence ----  CpCoH. T h is  i n ­
form ation  p la c e s  the d in u c le o t i d e  ApCp, and th e  th ree  c y t i d i n e  
r e s i d u e s ,  l e a v in g  o n ly  one p o s s i b l e  l o c a t i o n  fo r  th e  rem aining com­
ponent o f  peak 1 2 ,  the t r i n u c l e o t i d e  ApApCp.
The s e q u e n c e  o f  t h e  o l i g o n u c l e o t i d e  f r o m  p e a k  1 2 ,  t h e  3 ' end  o f  
t h e  tRNA m o l e c u l e ,  was  t h u s  CpApApCpCpApCpCoH . T h e r e  was a t o t a l  o f  
4 1 . 7  A2 6 0  u n i t s  o f  t h i s  o l i g o n u c l e o t i d e ,  o r  a p p r o x i m a t e l y  0 .6 2 8  p, 
m o l e ,  u s i n g  a n  e s t i m a t e d  h y p o c h r o m i c i t y  o f  20^  (98 ) .
Peak 13 (DpCpDpApApGp)
D ig e s t io n  o f  J . l J  A26q u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  w ith  20 p,l 
o f  a lk a l i n e  phosphatase  (1 p,g/p.l) and 20 p.1 o f  p a n c r e a t ic  RNase 
(10 M-g/M-l), fo l lo w e d  by chromatography in  s o lv e n t  B r e s u l t e d  in  one 
n u c le o t id e  band and one n u c le o s id e  band. The n u c le o s id e  band was 
i d e n t i f i e d  by n e u tr a l  and a c i d i c  UV s p e c tr a  a s  C o h  (1 .3 4 5  A2 6 o u n i t s ,  
0 . 1 7 7  M- m o le ) .  The d ih y d r o u r id in e  th a t  was l a t e r  found to  be p r e s e n t  
in  t h i s  o l i g o n u c l e o t i d e  was not d e t e c t e d  in  t h i s  C o h  spectrum  be­
ca u se  an a lk a l i n e  spectrum  was n o t  ta k en .  The n u c le o t id e  band was put 
in t o  s o lv e n t  A to  d eterm ine i f  fu r th e r  s e p a r a t io n  would r e s u l t .  I t  
d id  n o t ,  and the 3 .405 A260 u n i t s  o f  the o l i g o n u c l e o t i d e  were d ig e s t e d  
w ith  20 p,l o f  snake venom p h o s p h o d ie s te r a s e .  Chromatography in  s o l ­
v en t  B y ie ld e d  2 n u c le o t id e  bands, the  s lo w er  moving one was pG 
( I . 78I  A260 u n i t s ,  O .I 52 p, m ole) and the o th e r  one was pA (2 .0 9 5  A26Q 
u n i t s ,  0 .1 4 0  p. m o le );  in  a d d i t io n  to  a n u c le o s id e  band c o n ta in in g  
2 .1 5 3  A2 6 q u n i t s  (0 .1 4 3  p. m ole)  o f  A o h .  The molar r a t i o  o f  pG:pA:Aon
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was 1 . 0 6 : 0 . 9 8 : 1 . 0 0  and the  r a t i o  o f  C o h  t o  ApApG was I . I 5 to  1 . 0 .  
These r e s u l t s  in d ic a te d  th a t  peak 13 c o n ta in e d  a t e t r a n u c le o t id e  
CpApApGp, but an o l i g o n u c l e o t i d e  t r a v e l i n g  th a t  fa r  back in  the c o l ­
umn ( a f t e r  peak 12 )  should  have been a t  l e a s t  a h e x a n u c le o t id e . I t  
was t h e r e fo r e  d ec ided  to  r e d i g e s t  and look  fo r  d ih y d r o u r id in e  r e s i ­
dues .
The o l i g o n u c l e o t i d e  (6.^5 A26Q u n i t s )  was f i r s t  d ep h osp h ory la ted  
w ith  20 (j,l o f  a l k a l i n e  phosphatase  (1 p,g/p,l) in  0 .0 2  M NH4HCO3 a t  37° 
fo r  7 hours and the enzyme was removed by chromatography in  s o lv e n t  A 
w hich gave a s i n g l e  band. The 5*258 A26Q u n i t s  from t h i s  band were  
d ig e s t e d  w ith  20 p,l o f  snake venom p h o sp h o d ie s te r a s e  (1 |j.g/M*l) in  
0 . 0 2  M NH4HC03 a t  37° fo r  2 hours fo r  5 ' te rm in a l r e s id u e  d e term in a ­
t i o n .  Chromatography in  s o lv e n t  B y i e ld e d  th r e e  n u c le o t id e  bands. 
These th r e e  bands p lu s  an area  o f  th e  paper where a n u c le o s id e  
d ih y d r o u r id in e  would be e x p ec te d  to  o c c u r ,  ju d g in g  by the lo c a t i o n  o f  
the n u c le o s id e  U and C markers, were e l u t e d .
The s lo w e s t  moving n u c le o t i d e  was found to  be pG (1 .5 7 8  A26Q 
u n i t s ,  0 .1 3 5  (i m o le ) ,  th e  f a s t e s t  moving n u c le o t id e  was i d e n t i f i e d  as 
pC (O.609  A260  u n i t ,  0 .0 8 2  p, m ole) and th e  m iddle n u c le o t id e  band 
was e l u t e d ,  r e a p p l ie d  to  paper and put in t o  s o lv e n t  A to  t r y  to  r e ­
s o lv e  i t  in t o  i t s  com ponents. The s i n g l e  n u c le o t id e  band from t h i s  
chromatogram, and an area  w ith  th e  same t r a v e l  d i s t a n c e  from the  
o r i g i n  as the  pU marker were e l u t e d .  The f a s t e r  moving n u c le o t id e  
was i d e n t i f i e d  as pA ( 3 .IO5 A26Q u n i t s ,  0 .2 0 7  p. m ole) and th e  s low er  
area  (which showed no UV ab sorb ance)  was i d e n t i f i e d  by n e u tr a l  and 
a l k a l i n e  s p e c tr a  as 5*6 d ih y d r o u r id in e .  The s p e c tr a  o f  t h i s  n u c le o ­
t id e  are on page 5 8 . The c h a r a c t e r i s t i c  fe a tu r e  i s  the la ck  o f
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absorbance a t  n e u tr a l  pH, th e  sharp peak o f  absorbance a t  235 mp, a f t e r  
the pH i s  made s t r o n g ly  b a s i c ,  and th e  d e c r e a se  in  A235 w ith  tim e  
a f t e r  a d d i t io n  o f  NaOH due to  th e  d eco m p o s it io n  o f  the u n s ta b le  ab­
s o r b in g  s p e c i e s  to  form g -u r e id o p r o p io n ic  a c id  ( 1 2 ) .  U s u a l ly ,  a f t e r  
a p p rox im ate ly  20 m inutes a l l  o f  the  UV a b so rb in g  m a te r ia l  had d e ­
composed .
The n u c le o s id e  area  e lu t e d  from the chromatogram o f  the  snake  
venom p h o s p h o d ie s te r a se  d i g e s t i o n  gave s p e c tr a  which i d e n t i f i e d  i t ,  
and thus the 5 ' term in a l r e s id u e ,  as  5>6 d ih y d r o u r id in e .
The peak 13  o l i g o n u c l e o t i d e ,  t h e r e f o r e ,  had the seq uence  Dp(Dp, 
Cp) ApApGp, w ith  the  order o f  the  in t e r n a l  Dp and Cp undeterm ined .
I t  was a l s o  p o s s i b l e ,  a t  t h i s  s t a g e ,  th a t  th e r e  was more than one 
in t e r n a l  Dp, because the n u c le o t id e  i s  d i f f i c u l t  to  q u a n t i t a t e .
To c o m p le te ly  d eterm ine the  sequence o f  the  o l i g o n u c l e o t i d e ,  i t  
was n e c e s s a r y  to  carry  out a d i g e s t i o n  w ith  p o ly n u c le o t id e  phospho-  
r y l a s e .  To remove th e  3 1 p h osp h ate ,  1 0 .5  A260 u n i t s  o f  the o l i g o ­
n u c le o t i d e  were d i s s o lv e d  in  0 . 1  ml H20 c o n t a in in g  0 .1 5  ml o f  0 . 1  M 
T r i s - C l ,  pH 8 . 0 ,  and d ig e s t e d  w ith  I 5 (j.1 o f  a lk a l i n e  phosphatase  
(1 p g / p l )  a t  37° fo r  one hour. Then, 0 .0 5  ml o f  0 . 1  M potass ium  
phosphate b u f f e r ,  pH 7 - 0 ,  and 0 .1 0  ml o f  0 .0 1  M MgCl2 were added and 
the o l i g o n u c l e o t i d e  was d ig e s t e d  w ith  I 5 p i  p o ly n u c le o t id e  phos-  
p h o ry la se  (10 pg/p-l)  a t  37° f ° r 12 h o u r s .  Chromatography in  s o lv e n t  
C gave s i x  bands.
S in c e  th e  product o f  the p o ly n u c le o t id e  p h o sp h o ry la se  d i g e s t i o n  
should  be the  5 '  term in a l t r i n u c l e o t i d e ,  and s i n c e ,  r e g a r d le s s  o f  the  
n u c le o t id e  se q u e n c e ,  t h i s  t r i n u c l e o t i d e  should  c o n ta in  2 Dp and 1 Cp, 
the UV spectrum  o f  th e  t r i n u c l e o t i d e  should  be th a t  o f  C. None o f
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the 6 bands from th e  d i g e s t i o n  gave a C sp ectrum . The th r e e  f a s t e s t  
moving bands gave an A sp ectru m , the n e x t  two gave a G spectrum . The 
s lo w e s t  moving band was a p p a r e n t ly  u n d ig e s te d  m a te r ia l  s i n c e  i t  con ­
ta in e d  a G (X max l e s s  than 260 mp,), and one o f  the rem ain in g  bands 
co n ta in ed  to o  l i t t l e  m a te r ia l  fo r  r e d i g e s t i o n .
The 5 . I 7 A260 u n i t s  o f  the o l i g o n u c l e o t i d e  in  th e  second  s lo w e s t  
moving band w e r e ,  t h e r e f o r e ,  r e d i s s o l v e d  in  0 . 1  ml H2O, O .I 5 ml o f  
0 . 1  M T r i s - C l ,  pH 8 . 0 ,  was added , and d i g e s t i o n  was c a r r ie d  out w ith  
20 M-l o f  a l k a l i n e  phosph atase  (1 (ig/p-l) a t  37° f ° r one h ou r .  A f te r  
0 .0 5  ml o f  0 . 1  M p otass ium  phosphate b u f f e r ,  pH 7 - 0 ,  and 0 . 1  ml o f  
0 .0 1  M MgCl2 were added , th e  o l i g o n u c l e o t i d e  was d ig e s t e d  w ith  20 jj.1 
o f  p o ly n u c le o t id e  p h osp h ory lase  (10 p,g/p,l) a t  37° fo r  12 1 / 2  h o u r s .
Chromatography in  s o l v e n t  C gave th r e e  bands. The f a s t e s t  moving  
band was A, th e  s lo w e s t  band was e v i d e n t l y  u n d ig e s te d  m a t e r i a l ,  but 
the middle band gave a C spectrum . The 1 .0 7 5  A2 6 q u n i t s  o f  t h i s  
o l i g o n u c l e o t i d e ,  in  0 .2 5  ml o f  0 . 0 2  M NH4HCO3 , w ere d i g e s t e d  w ith  
10 |j,l o f  p a n c r e a t ic  RNase (10 p,g/(j,l) a t  37° fo r  6 hours and th e  pro­
d u cts  were se p a r a te d  by chromatography in  s o lv e n t  B. The s i n g l e  
v i s i b l e  band, an area  a d ja c e n t  to  th e  Up marker and th e  a rea  a d ja c e n t  
to  the U o h  marker were e l u t e d .
The spectrum  o f  the area  co rr e sp o n d in g  to  the Up marker showed 
n o th in g .  The v i s i b l e  n u c le o t i d e  band, how ever, was found t o  c o n ta in  
1 .0 2 7  A2 6 q u n i t s  (0 .1 3 5  M- m ole) o f  Cp and th e  spectrum  a t  a l k a l i n e  pH 
showed th a t  th e  band a l s o  c o n ta in e d  Dp. The area  e l u t e d  from the  
n u c le o s id e  r e g io n  gave a d ih y d r o u r id in e  spectrum  a t  a l k a l i n e  pH.
These r e s u l t s  proved th a t  the 5 1 end o f  the o l i g o n u c l e o t i d e  was d i ­
h y d r o u r id in e ,  s in c e  i t  was the n u c le o s id e  r e l e a s e d  a f t e r  p a n c r e a t ic
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Rnase d i g e s t i o n  o f  the  o l i g o n u c l e o t i d e .  I t  was a l s o  found th a t  the  
absorbance  a t  235 mp in c r e a s e d  from 0 .1 5  to  0 .9 0  fo r  a n e t  change o f  
0 .7 5  A26G u n i t s  when 10 jo.1 8 M NaOH was added t o  th e  n u c le o s id e  d ih y d ro ­
u r i d i n e .  The n u c le o t i d e  c y t i d i n e ,  and th u s  the  n u c le o t id e  d ih y d r o ­
u r id in e  had been d i l u t e d  to  0 .4 7 8  o f  th e  o r i g i n a l  A260 rea d in g  in  
ord er  to  take the UV s p e c t r a .  The absorbance  a t  235 mp went from 
0 .6 4  a t  n e u tr a l  pH to  0 .9 5  a t  a l k a l i n e  pH fo r  a n e t  change o f  0 .3 1  
A2 r o u n i t s .  U n d i lu te d ,  t h i s  would have been a change o f  0 .6 4  A2 6 q 
u n i t s .  S in c e  the in c r e a s e  in  A235 can  be used as  a measure o f  the  
q u a n t i ty  o f  d ih y d r o u r id in e  in  a sample ( 1 2 ) ,  th e  1 .0 0  to  O.85  r a t i o  
o f  the AA235 fo r  the n u c le o s id e  to  the  AA235 fo r  th e  n u c le o t id e  i n ­
d ic a t e d  th a t  th e r e  was o n ly  one Dp in  th e  o l i g o n u c l e o t i d e ,  i d e n t i ­
f y in g  i t  as the t r i n u c l e o t i d e  DpCpDoH .
Peak 1 3 ,  t h e r e f o r e ,  co n ta in e d  th e  h e x a n u c le o t id e  DpCpDpApApGp.
There were a t o t a l  o f  31*4 A260 u n i t s ,  or 0 .7 5 5  p m ole ,  u s in g  an 
e s t im a te d  h yp och rom ic ity  o f  15$ (9 7 )-
Peak 14 (Ap'fpUpm5CpApApm1Gp. r e l a t e d  to  peak 1 6 )
D ig e s t io n  o f  5 -2  A26Q u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  w ith  10 p,l o f  
p a n c r e a t ic  RNase and 20 p i  o f  a l k a l i n e  ph osp h atase  in  0 . 0 2  M NH4HC03 
a t  37° for  6 hours , fo l lo w e d  by chromatography in  s o l v e n t  B r e s u l t e d  
in  two o l i g o n u c l e o t i d e  p rod u cts  and two n u c l e o s i d e s .  The f a s t e s t  
moving n u c le o s id e  was i d e n t i f i e d  by s p e c tr a  (page 4 9 )  as m5CoH. There  
was 0 .5 3 0  A260 u n i t  or ap p ro x im a te ly  0 .0 8 8  p mole o f  t h i s  n u c le o s id e .
The o t h e r  n u c l e o s i d e  was f o u n d  t o  b e  U oh ( .6 4 6  A26Q u n i t ,  .0 6 7  p  
m o l e  ) .
The s lo w er  moving o l i g o n u c l e o t i d e  ( l ’.'j22 A;.(.0 u n i t s )  was d ig e s t e d
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w ith  10 p,l o f  snake venom p h o sp h o d ie s te r a s e  (1 p,g/p,l) in  0 . 0 2  M NH4HC03 
a t  37° fo r  5 1 / 2  h o u r s .  Chromatography in  s o lv e n t  B gave one n u c le o ­
t i d e  and one n u c le o s id e  band. The n u c le o s id e  band was found to  con ­
t a i n  0 .6 2 0  A260  u n i t  (0 .0U1 p, m ole)  o f  A o h .  The n u c le o t id e  band was 
se p a r a te d  in t o  two components by chromatography i n  s o lv e n t  A. The 
s lo w er  moving o f  t h e s e  n u c le o t i d e s  was i d e n t i f i e d  by UV s p e c tr a  (page
3 2 ) as pm1 G. There was 0 .3 ^ 1  A26Q u n i t  or 0 .0 3 0  p, mole o f  t h i s  n u c le o ­
t i d e ,  u s in g  a v a lu e  o f  1 1 . U A260 u n i t s  per p, mole (^ 9 )-  The o th er  
n u c le o t i d e  was found to  be pA (O.U^9 A2 6 q u n i t ,  0 .0 3 0  p, m o le ) .  These  
r e s u l t s  (pA:pm1 G:AoH molar r a t i o  o f  0 . 7 3 : 0 . 7 3 : 1 - 0 0 )  i d e n t i f i e d  t h i s  
p a n c r e a t ic  RNase product as the t r i n u c l e o t i d e  ApApm1Gp. The 2 .3 2 2  
A2 g q u n i t s  o f  ApApmrLGp were a p p rox im ate ly  eq ua l to  0 .0 6 6  p, m o le ,  u s in g  
15 $ h y p o ch ro m ic ity  (9 7 )-
The o th e r  o l i g o n u c l e o t i d e  ( I . 5U3 A260 u n i t s )  from the p a n c r e a t ic  
RNase d i g e s t i o n  was d ig e s t e d  w ith  10 ml o f  snake venom phospho­
d i e s t e r a s e  (1 p,g/(Al) in  0 . 0 2  M NH4HC03 a t  37° fo r  5 1 / 2  h o u r s .  Chro­
matography in  s o lv e n t  B gave two n u c le o t id e  bands and a n u c le o s id e
band. The s lo w e s t  moving band was i d e n t i f i e d  by UV s p e c tr a  (page 59 )  
as p s u e d o u r id in e . There was 0 .2 0 2  A2 eo  u n i t  or 0 .0 3 0  p, mole o f  t h i s  
n u c l e o t i d e ,  u s in g  a v a lu e  o f  9 - 6  A2 eo  u n its /p ,  mole (^ 9 )-  The n u c le o ­
s i d e  was i d e n t i f i e d  as  A o h  (0 .3 0 5  A260 u n i t ,  0 .0 2 0  p. m o le ) .  The 
m iddle band was found to  be the u n d ig e s te d  d i n u c le o t i d e  ApY. (Snake 
venom p h o sp h o d ie s te r a s e  appears to  have some d i f f i c u l t y  d i g e s t i n g  some 
minor n u c l e o t i d e s ,  e s p e c i a l l y  Y .)  The 1 .5 ^ 3  A2 eo  u n i t s  o f  ApY w ere  
ap p ro x im a te ly  eq u a l to  0 .0 6 6  p. m ole , c a l c u la t e d  u s in g  3‘j(> hypo­
c h r o m ic ity  ( i 3 ) .
The o l i g o n u c l e o t i d e  from peak l î , t h e r e f o r e ,  c o n ta in e d  ApYp,
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m5Cp, Up, and ApApm^Gp in  molar r a t i o s  o f  1 . 0 : 1 . 3 : 1 . 0 : 1 . 0 .
The t r i n u c l e o t i d e  ApApm1Gp w a s ,  o f  c o u r s e ,  a t  the 3 ' end o f  the  
o l i g o n u c l e o t i d e .  I t  was a l s o  p o s s i b l e  to  p la c e  ApYp a t  th e  5* end 
o f  th e  o l i g o n u c l e o t i d e :  Because the  p a n c r e a t ic  RNase d i g e s t i o n  o f
" ren atu rab le"  le u c in e  tRNA gave a t r i n u c l e o t i d e  GpApYp (95 )> a°d b e ­
cau se  th e  o l i g o n u c l e o t i d e  under a n a l y s i s  was the o n ly  sequence  to  c o n ­
t a i n  the d i n u c l e o t i d e  ApYp, t h i s  ApYp must be preceded by a G r e s id u e  
and m ust, t h e r e f o r e ,  l i e  a t  the  5 ' e nd o f  th e  o l i g o n u c l e o t i d e .  With 
t h i s  in fo r m a t io n  i t  was p o s s i b l e  to  c o n s t r u c t  a p a r t i a l  sequ en ce  fo r  
the peak 11+ o l i g o n u c l e o t i d e :  ApYp (Up, m5Cp) ApApm1 Gp.
To d eterm ine th e  c o r r e c t  order o f  the  Up and m5 Cp, i t  was n e c e s ­
sary  to  c a r r y  out a d i g e s t i o n  w ith  p o ly n u c le o t id e  p h o sp h o r y la s e .
For t h i s  d i g e s t i o n ,  th e  rem ain ing  5*2 A26Q u n i t s  o f  th e  peak 14
o l i g o n u c l e o t i d e  were d i s s o l v e d  in  O.lO ml o f  H2O, and O .I 5 ml o f  0 . 1  M
T r i s - C l ,  pH 8 . 0 ,  and 20 p i  o f  a l k a l i n e  p h osp h atase  (1 p g / p l )  were
added. D ig e s t io n  was a llo w e d  to  c o n t in u e  fo r  2 1 / 2  hours a t  37° a nd
then  0 .0 5  ml o f  0 . 1  M p otass iu m  phosphate b u f f e r ,  pH 1 . 0 ,  0 .1 0  ml o f
0 . 0 1  M MgCl2 and 60 p i  o f  p o ly n u c le o t id e  p h o sp h o ry la se  (7*3 pg/M-0
w ere added. The d i g e s t i o n  m ixture  was in cu b a ted  a t  37° 4or 12 h o u r s ,
and the prod u cts  were sep a ra ted  in t o  th r e e  bands by chromatography in
s o l v e n t  C. The f a s t e s t  moving band was assumed to  c o n t a in
n u c le o s id e s  and was not t r e a te d  f u r t h e r .  The o th e r  two bands
were each d ig e s t e d  w ith  10  p i  o f  a l k a l i n e  ph osph atase  (1  p g / p l )  and
p u r i f i e d  by chromatography in  s o lv e n t  A. The f a s t e r  moving o f  th e
bands remained a s i n g l e  o l i g o n u c l e o t i d e  a f t e r  chrom atography; the o th e r  
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band sep a ra ted  i n t o  two com ponents. Each o f  th e s e  th r e e  o l i g o n u c l e o ­
t i d e s  was d ig e s t e d  w ith  10 p i  o f  p a n c r e a t ic  RNase (10 p g / p l )  in
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0 .0 2  M NH4HCO3 a t  37° fo r  7 hours and the d i g e s t i o n  prod ucts  were 
sep a ra ted  by chromatography in  s o lv e n t  B. One o f  the o l i g o n u c l e o ­
t i d e s  gave 3 bands, one gave U, and one gave 5 bands.
The p o ly n u c le o t id e  p h osp h ory lase  d i g e s t i o n  product which gave the  
th ree  p a n c r e a t ic  RNase products  was c h a r a c te r iz e d  f i r s t :  The s lo w e s t
moving n u c le o t id e  band was found to  c o n ta in  the d in u c le o t i d e  ApYp 
which was i d e n t i f i e d  by i t s  UV s p e c t r a .  (The a c i d i c  and n e u tr a l  
s p e c tr a  had maximum absorbance a t  260  mp and th e  a l k a l i n e  spectrum  
showed a hump a t  a p p ro x im a te ly  285 nip where the  a l k a l i n e  y maximum 
absorbance o ccu rs  as  shown on page 5 9 ) •  The o th e r  n u c le o t id e  band 
was i d e n t i f i e d  as Up, and th e  n u c le o s id e  was found to  be m5Con 
(page ;+9) .  T h is  o l i g o n u c l e o t i d e  co u ld  th e r e f o r e  be i d e n t i f i e d  as a 
t e t r a n u c le o t id e  w ith  m5C as i t s  3 '  term in a l r e s id u e .  S in c e  ApYp was 
the 5 ' term in a l d in u c le o t i d e  f o r  the  same r ea so n  as d i s c u s s e d  p re­
v i o u s l y ,  the sequence  was con c lud ed  to  be ApYpUpm5CoH. I t  was not  
n e c e s s a r y  to  conduct any fu r th e r  work on the  o th e r  two o l i g o n u c l e o ­
t i d e s  from the p o ly n u c le o t id e  p h osp h ory lase  d i g e s t i o n .
The sequence o f  th e  o l i g o n u c l e o t i d e  from peak 1U was t h e r e fo r e  
concluded  to  be ApYpUpm5CpApApm1 Gp. There were H . 5  A260  u n i t s  o f  
t h i s  o l i g o n u c l e o t i d e  in  peak I k , or a p p rox im ate ly  0 .1 7 3  ^ m o le ,  c a l c u ­
la te d  u s in g  an e s t im a te d  h y p o ch ro m ic ity  o f  20^ ( 9 7 ) .  Q u a n t i t a t i v e l y ,  
peak 1U c o n ta in ed  l e s s  than th e  e x p ec te d  amount o f  a h e p t a n u c le o t id e . 
The remainder o f  t h i s  o l i g o n u c l e o t i d e  was l a t e r  found in  th e  2k  r e s i ­
due o l i g o n u c l e o t i d e  from peak 1 6 .
P e a k  15  (A pA pU pC pU pC pU pU pA pC p)
D ig e s t io n  o f  l ' ) . 2(> A2 ( -,0  u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  w itli  pi
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o f  a l k a l i n e  phosph atase  (1 p,g/p,l) and 25 M>1 o f  p a n c r e a t ic  RNase in  
0 . 0 2  M NH4HCO3 a t  37° f ° r 5 1 / 2  h o u r s ,  fo l lo w e d  by chromatography in  
s o lv e n t  B gave two o l i g o n u c l e o t i d e  prod u cts  and two n u c le o s id e  bands. 
The s low er  moving n u c le o s id e  was i d e n t i f i e d  as U o h  , 3*^32 A26Q u n i t s ,  
0 .3 5 7   ̂ m ole ,  u s in g  the 9*6  A260  u n it s /p ,  mole fo r  th e  n u c le o s id e  ( 1 2 ) .  
The o th e r  band c o n ta in e d  2 .0 2 2  A2 e o  u n i t s  (0 .2 6 6  p, m ole)  o f  C o h .
The ^ .3 3 2  A2 6 o u n i t s  o f  the o l i g o n u c l e o t i d e  from th e  s lo w e s t  
moving band w ere t r e a te d  w ith  20  p,l o f  snake venom p h o sp h o d ie s te r a se  
(0 .0 2  M NH4HCO3 , 37°> ^ h o u r s )  fo r  5 ' te rm in a l r e s id u e  d e te r m in a t io n .  
Chromatography in  s o lv e n t  B gave one n u c le o t id e  band and one n u c le o ­
s id e  band. The n u c le o s id e  (5 '  t erm in a l  r e s id u e )  was found to  be Aoh 
( I .5 9 8  A2eo  u n i t s ,  0 .1 0 6  p, m o le ) .  The n u c le o t i d e  band was r e s o lv e d  
in t o  two components by chromatography in  s o lv e n t  A. The s low er  
moving o f  th e se  two n u c le o t i d e s  was i d e n t i f i e d  by s p e c tr a  as pU 
(1.1U6 A260  u n i t s ,  0 .1 1 9  p, m ole)  and th e  o th er  was found to  c o n ta in  
1 .6 2 2  A260  u n i t s  (0 .1 2 0  p, m ole) o f  pA. T h is  p a n c r e a t ic  product had 
a pA:pU:AoH molar r a t i o  o f  1 . 1 3 : 1 . 1 2 : 1 . 0 0  and was th e  t r i n u c l e o t i d e  
ApApUp, s in c e  a p a n c r e a t ic  RNase d i g e s t i o n  product c h a r a c t e r i s t i c a l l y  
has a p yr im id in e  as i t s  3 '  t erm in a l  r e s id u e  and s i n c e  A had been  
shown to  be the  5' term in a l r e s i d u e .  The U .332 A26Q u n i t s  o f  ApApUp 
was a p p rox im ate ly  0 .1 2 6  p. m ole , u s in g  1U% h y p o ch ro m ic ity  (9 8 ) .
The o th e r  n u c le o t id e  band from the chromatogram o f  th e  p a n c r e a t ic  
RNase d i g e s t i o n  products  c o n ta in e d  3*273 A26Q u n i t s  o f  an o l i g o n u c l e o ­
t id e  which was d ig e s t e d  w ith  20 p,l o f  snake venom p h o s p h o d ie s te r a s e  
( in  0 .0 2  M NH4HCO3 , 37°>  ̂ h o u r s ) .  Chromatography in  s o lv e n t  B gave 
one n u c le o t id e  and one n u c le o s id e  band. The n u c le o t id e  band was put 
in t o  s o lv e n t  A for  s e p a r a t io n  and remained a s i n g l e  band. I t  was
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f o u n d  t o  c o n t a i n  l.M +7 A2 6 0  u n i t s  (0.12U p m o l e )  o f  pG. The  n u c l e o ­
s i d e  ba nd  was  i d e n t i f i e d  a s  Aoh (1 .7 5 3  A2 e o  u n i t s ,  0 . U 7 M- m o l e ) .
There was a pG:Aon molar r a t i o  o f  1 . 0 6 : 1 . 0 0 ,  i d e n t i f y i n g  t h i s  pan­
c r e a t i c  RNase product as th e  d in u c le o t i d e  ApGp from th e  3 '  end o f  the  
peak 15 o l i g o n u c l e o t i d e .  The 3-273  A260 u n i t s  o f  ApGp was a p p r o x i­
m ate ly  0 .1 3 3  M- m o le ,  c a l c u la t e d  u s in g  7$ h y p o ch ro m ic ity  ( 9 7 ) .
The peak 15 o l i g o n u c l e o t i d e  t h e r e f o r e  c o n ta in e d  ApApUp, Cp, Up, 
and ApGp in  molar r a t i o s  o f  1 . 0 0 : 2 . 1 1 : 2 . 8 3 : 1 . 0 6 ,  i n d i c a t i n g  t h a t  i t  
was a d e c a n u c le o t i d e .
To determ ine the  n u c le o t id e  sequence o f  t h i s  o l i g o n u c l e o t i d e ,  i t  
was n e c e s s a r y  to  c a r r y  out a p a r t i a l  d i g e s t i o n  w ith  snake venom 
p h o s p h o d ie s t e r a s e .  S in c e  i t  was f i r s t  n e c e s s a r y  to  remove the  3' 
term in a l p h osp h ate ,  2 6 .5  A26q u n i t s  o f  the o l i g o n u c l e o t i d e  was 
d i s s o l v e d  in  I 5O p i  o f  w ater  and 30 | i l  o f  1 M T r i s - C l ,  pH 7«3» and 
20 p i  o f  a l k a l i n e  phosphatase  (1 p g / p l )  was added. The d i g e s t i o n  was 
in cu b a ted  a t  37° f ° r 5 1 / 2  hours and then  evap ora ted  to  d r y n e s s .  The 
o l i g o n u c l e o t i d e  was r e d i s s o v le d  in  0 .5  ml H20 and 0 . 2  ml o f  1 M 
NH4HCO3 , then  23 pg ( in  25 p i )  o f  snake venom p h o s p h o d ie s te r a se  was 
added. D ig e s t io n  was a llo w ed  to  co n t in u e  a t  37° fo r  15 m in u te s ,  and 
the sample was then  im m ediate ly  a p p l ie d  (w ith o u t  a d d i t io n  o f  u r e a )  to  
a D E A E -ce llu lo se  column (1 x 76 cm) th a t  had been e q u i l i b r a t e d  w ith  
0 . 0 2  M T r i s - C l ,  pH 7*3> in  7 M u rea .  The column was e l u t e d  w ith  a 
l i n e a r  s a l t  g r a d ie n t  produced from 400 ml each o f  0 . 0 0  M NaCl and 
o.UO M NaCl in  7 M u r e a ,  b u ffe red  w ith  0 .0 2  M T r i s - C l ,  pH 7 - 3 .  F r a c ­
t io n s  o f  2 ml were c o l l e c t e d  a t  10 minute i n t e r v a l s ,  and th e  absorbance  
a t  260 mp o f  each f r a c t i o n  was measured. The A2o0  e l u t i o n  p a t t e r n  for  
the column i s  shown in  f ig u r e  8 .
FIGURE 8 - -  D E A E -ce llu lo se  column chromatography o f  the  
prod u cts  formed by p a r t i a l  snake venom p h o sp h o d ie s te r a s e  d i g e s ­
t i o n  o f  the 3 ' d ep h osp h ory la ted  o l i g o n u c l e o t i d e  from peak 15 
( f ig u r e  6 )  o f  the com plete  Ti RNase d i g e s t i o n .
The column (1 x j 6  cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by kOO ml each o f  0 . 0  M and 0 .^  M NaCl in  7 M u r e a ,  
0 .0 2  M T r i s - C l ,  pH 7 - 5 .  F r a c t io n s  o f  2 ml in  10 m inutes w ere  
c o l l e c t e d .  D e term in a t io n  o f  th e  3' t erm in a l  n u c le o s id e  o f  each  
o f  the  products  and d e r i v a t i o n  o f  th e  n u c le o t id e  seq u en ce  are  
d e s c r ib e d  in  d e t a i l  in  the t e x t .  I d e n t i t i e s  o f  the  p rod u cts  
a r e  as f o l lo w s :
Peak 1 - -  5' m on on u c leo tid es  
Peak 5 ApApUpCoH 
Peak 6 - -  ApApUpCpUoH 
Peak 7 ““ ApApUpCpUpCoH 
Peak 8 - -  ApApUpCpUpCpUoH 
Peak 9 ““ ApApUpCpUpCpUpUoH 
Peak 10 - -  ApApUpCpUpCpUpUpAow 
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The f r a c t i o n s  from each  o f  the peaks w ere com bined, p assed  through  
B io g e l  P -2  columns to  remove s a l t  and urea as d e s c r ib e d  in  M ethods, 
and ev a p o ra ted  t o  d r y n e s s .  The o l i g o n u c l e o t i d e s  in  peak 5 through  
10 were each r e d i s s o lv e d  in  0 .2 5 0  ml o f  H2O and 5 p,l o f  1 M T r i c - C l ,  
pH 7 * 3 ,  then  10 | i l  o f  p a n c r e a t ic  RNase (10 p,g/p,l) was added t o  e a c h ,  
and the d i g e s t i o n  m ixtu re  was in cu b ated  a t  37° fo r  6  h o u r s .  The pro­
d u c ts  w ere s e p a ra ted  by chromatography in  s o lv e n t  B , and in  each  c a s e ,  
the  n u c le o s id e  was i d e n t i f i e d .  S in c e  th e  p a r t i a l  snake venom ph os­
p h o d ie s t e r a s e  d i g e s t i o n  produced o l i g o n u c l e o t i d e s  w ith o u t  a 3 1 t e r m i­
n a l  p h o sp h a te ,  a n u c le o s id e  r e l e a s e d  as  a product o f  p a n c r e a t ic  RNase 
d i g e s t i o n  w ou ld ,  o f  c o u r s e ,  be th e  3' t erm in a l  r e s id u e  o f  th e  o l i g o ­
n u c le o t i d e  .
Each peak was assumed to  c o n t a in  an o l i g o n u c l e o t i d e  one r e s id u e  
lo n g er  than  th e  o l i g o n u c l e o t i d e  o f  the  p r e v io u s  p eak , due to  the f a c t  
t h a t  snake venom p h o sp h o d ie s te r a s e  s t a r t s  a t  the 3 ' end and seq uen­
t i a l l y  removes one 5' n u c le o t i d e  a t  a t im e .
The i d e n t i t i e s  o f  the n u c le o s id e s  found a f t e r  p a n c r e a t ic  RNase 
d i g e s t i o n  o f  each o f  the o l i g o n u c l e o t i d e s  are  g iv e n  in  the  f o l lo w in g  
t a b l e .
T able  I
I d e n t i t y  o f  the  3* ends o f  o l i g o n u c l e o t i d e s  o b ta in e d  by p a r t i a l
d e g r a d a t io n  o f  peak I 5 w ith  snake venom p h o sp h o d ie s te r a s e
Peak 3' term in a l n u c le o s id e
5 c y t i d i n e
0 u r id in e
7 c y t i d i n e
8 u r id in e
y u r id in e
10  a d en o s in e
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Peak 11 co n ta in ed  th e  i n t a c t  peak 15 ( f i g u r e  6 ) o l i g o n u c l e o ­
t i d e .  The ^ .2 1  A2s o  u n i t s  o f  th e  o l i g o n u c l e o t i d e  in  0 .2 5  ml o f  
0.02 M NH4HCO3 w ere d ig e s t e d  w ith  snake venom p h o s p h o d ie s te r a se  fo r  
a 5 1 term in a l r e s id u e  d e te r m in a t io n .  The d i g e s t i o n  was c a r r ie d  out  
fo r  5 hours a t  37° and th e  prod u cts  were s e p a ra ted  by chromatography  
i n  s o lv e n t  B. The n u c le o s id e  band was e lu t e d  and found to  c o n ta in  
0.^72 A2 e o  u n i t  (0.031 p m ole) o f  Aoh . The 5' end o f  the o l i g o ­
n u c le o t i d e  from peak 15 w a s ,  t h e r e f o r e ,  a d e n o s in e .
There was th en  enough in fo rm a t io n  to  deduce th e  sequence  o f  the  
o l i g o n u c l e o t i d e :  The d in u c le o t i d e  ApGp must be a t  the 3 '  end o f  the
o l i g o n u c l e o t i d e ,  because  i t  c o n ta in ed  the o n ly  G. T his  l e f t  ApApUp,
2 Cp and 3 Up. The ApApUp must be a t  th e  5' en d ,  s in c e  th e  5 ' t e r m i­
n a l  r e s id u e  was shown to  be an a d en o s in e  and t h i s  t r i n u c l e o t i d e  con ­
ta in e d  the o n ly  a d en o s in e  r e s id u e  th a t  was not a lr e a d y  f ix e d  a t  th e  
3' end o f  the o l i g o n u c l e o t i d e .  The p a r t i a l  snake venom d i g e s t i o n  
prov ided  the r e s t  o f  the  needed in fo rm a tio n :  The A found to  be the
3' end o f  th e  o l i g o n u c l e o t i d e  from peak 10 corresponded  to  th e  A in
th e  d in u c le o t i d e  ApGp. I t  was preceded by U, which was th e  3 '  end o f
the peak 9 o l i g o n u c l e o t i d e ,  which was preceded by U, the 3 '  end o f  
th e  peak 8 o l i g o n u c l e o t i d e ,  and so  on.
The sequ en ce  o f  th e  peak 15 o l i g o n u c l e o t i d e  was con cluded  
to  be ApApUpCpUpCpUpUpApGp. There were a t o t a l  o f  6 7 .5  A260  u n i t s  o f  
t h i s  o l i g o n u c l e o t i d e ,  which was ap p rox im ate ly  e q u iv a le n t  to  0 .7 5 6  
m ole , u s in g  an approxim ate hyp och rom ic ity  o f  20 ,̂ (9 8 , 9 7 ) .
Peak 16 (Cpm§GpCpCpUpGpApYpUpm‘-‘CpApApm1GpCpCpCpApGpGpUpApUpCpGp)
A pproxim ately  57 A2eo  u n i t s  o f  the m a te r ia l  under t h i s  peak were
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t r e a te d  w ith  10 p i  o f  a l k a l i n e  phosphatase  (1 p g / p l )  in  0 . 3  ml o f  
0 .0 3  M NH4HCO3 a t  37° fo r  7 h o u rs .  The d i g e s t i o n  m ixture was then  
made 7 M in  urea by th e  a d d i t io n  o f  s o l i d  urea and was a p p l ie d  to  a 
D E A E -ce llu lose  column (1 x 70 cm) th a t  had been e q u i l i b r a t e d  w ith  7 M 
u r e a ,  pH 3»1* The column was e l u t e d  w ith  a l i n e a r  g r a d ie n t  produced  
by 300 ml each o f  0 . 0  M and 0 .5  M NaCl in  7 M u r e a ,  pH 3 - 1 .  F r a c ­
t io n s  o f  3 mi in  10 m inutes were c o l l e c t e d ,  and th e  absorbance a t  
260 mp o f  each f r a c t i o n  was measured. The A2eo  p r o f i l e  fo r  th e  column 
i s  shown in  f ig u r e  9 * can i>e se e n  th a t  th e r e  was no s e p a r a t io n ,
i n d ic a t i n g  th a t  peak 16 co n ta in e d  o n ly  one o l i g o n u c l e o t i d e .
D ig e s t io n  o f  1 2 .7  A260 u n i t s  o f  th e  o l i g o n u c l e o t i d e  w ith  10 p i  o f  
p a n c r e a t ic  RNase (10 p g / p l ) and 10 M>1 o f  a l k a l i n e  phosphatase  (10 p g /  
p i )  in  0 .5  ml o f  0 . 0 2  M NH4HCO3 a t  37° fo r  7 h o u r s ,  fo l lo w e d  by 
chromatography in  s o lv e n t  B, gave 3 n u c le o t id e  bands and 3 n u c le o s id e  
bands. The f a s t e s t  moving n u c le o s id e  band was found to  c o n ta in  2 .4 6  
A 2 6 o  u n i t s  ( .3 2 3  P m ole) o f  C o h . The n ex t  n u c le o s id e  band c o n ta in ed  
1 .1 8 6  A260  u n i t s  (0 .1 2 4  p m ole) o f  U o h , and th e  s lo w e s t  moving n u c le o ­
s id e  band co n ta in e d  0 .8 0 0  A26Q u n i t  (0 . J 0  p m ole)  o f  G o h .
The th ree  n u c le o t id e  bands from th e  chromatogram w i l l  be r e fe r r e d  
to  as Band I ( th e  s lo w e s t  moving b and), Band I I ,  and Band I I I  ( th e  
band th a t  moved the g r e a t e s t  d i s t a n c e  from th e  o r i g i n ) .
Band I ,  which remained a t  th e  o r i g i n ,  was n o t  e l u t a b l e  from the  
chromatography p ap er , so  25 p i  o f  Ti RNase (80 u n i t s ;  Sankyo) and 5 p i  
o f  1 M T r i s - C l ,  pH 7 . 4 ,  in  0 . 1  ml H20 were a p p l ie d  to  the p aper . D i ­
g e s t io n  was a llow ed  to  c o n t in u e  a t  37° o v e r n ig h t .  Chromatography o f  
the prod u cts  in  s o lv e n t  B gave a n u c le o t id e  band th a t  was i d e n t i f i e d  
as 1.055 A2co  u n i t s  (0 .0 4 4  p m ole) o f  ApGp, a se c o n d ,  f a s t e r  moving
FIGURE 9 - -  Rechromatography o f  the 3* dep h osp h ory la ted  
peak 16 o l i g o n u c l e o t id e  from the com plete  Ti RNase d i g e s t i o n  
( f ig u r e  6 ) on a D E A E -cellu lose  column (1 x 68  cm). The column 
was e lu te d  w ith  a l i n e a r  g r a d ie n t  o f  NaCl ( 0 .0  to  O .k  M) in  
7 M u rea ,  pH 3«1 ( t o t a l  volum e, 800 m l) .  F r a c t io n s  o f  2 ml 













n u c le o t id e  band th a t  c o n ta in e d  0 .6 * 0  A2eo  u n i t  (0 .0 5 6  p m ole) o f  Gp, 
and a n u c le o s id e  band th a t  c o n ta in e d  0.*+3 A26Q u n i t  (0 .0 * 0  p m ole)  o f  
Uo h • The ApGp:Gp:U molar r a t i o  was 1 . 0 : 1 . 2 : 1 . 0 .  The c o m p o s it io n  o f  
t h i s  t e t r a n u c l e o t i d e  in d ic a t e d  th a t  i t  corresponded  to  th e  p r e v io u s ly  
i d e n t i f i e d  (9 5 )  p a n c r e a t ic  RNase d i g e s t i o n  product ApGpGpUp.
Band I I  from the p a n c r e a t ic  RNase d i g e s t i o n  o f  the peak 16 o l i g o ­
n u c le o t id e  was d ig e s t e d  w ith  10  p i  o f  a l k a l i n e  p hosph atase  (1 p g / p l )  
in  0 .5  ml o f  0 . 0 2  M NH4HCO3 f o r  6 h o u r s .  Chromatography in  s o lv e n t  A 
y ie ld e d  two n u c le o t id e  bands. The s low er  moving o f  t h e s e  c o n ta in e d  
2 .1 3  A2qq u n i t s  o f  an o l i g o n u c l e o t i d e  th a t  was d ig e s t e d  w ith  10  p i  o f  
snake venom p h o s p h o d ie s te r a s e  (1 p g / p l )  in  0 . 5  ml o f  0 . 0 2  M NH4HCO3 a t  
37° fo r  *4- h o u rs .  Chromatography in  s o lv e n t  B y i e ld e d  two n u c le o t i d e s  
and one n u c le o s id e  band. The s low er  moving n u c le o t i d e  was found to  be 
pY (0 .5 5  A260  u n i t ;  0 .0 5 5  P m ole) and the o th e r  was pA ( 0 .5 7  A26Q 
u n i t ;  0 .0 3 8  p m o le ) .  The n u c le o s id e  was i d e n t i f i e d  a s  G oh ( o A 1 2  
A 2 6 o  u n i t ;  O.O36 p m o le ) ,  and th e  pY:pA:G molar r a t i o  was 1 . 5 : 1 . 0 : 1 . 0 ,  
i n d ic a t i n g  a t r i n u c l e o t i d e  w ith  the sequence GpApYp. T h is  c o r r e ­
sponded to  the p r e v io u s ly  i d e n t i f i e d  GpApYp from the p a n c r e a t ic  RNase 
d i g e s t i o n  o f  " ren a tu ra b le"  l e u c in e  tRNA.
The second o f  the n u c le o t i d e  bands from th e  p r e v i o u s ly  mentioned  
chromatography in  s o lv e n t  A c o n ta in e d  2 .9 8  A26Q u n i t s  and was d ig e s t e d  
w ith  10 p i  o f  snake venom p h o sp h o d ie s te r a s e  in  0 . 5  ml o f  0 . 0 2  M NH4HCO3 
a t  37° f ° r  ̂ h o u r s .  Chromatography in  s o lv e n t  B gave pA (O .7I  A26Q 
u n i t ;  0.0*i73 P m o le ) ,  pC (0.U0 A2 e o u n i t ;  0 .0 5 2 7  p m o le ) ,  pm1G (O.6 7  
A2MO u n i t ;  O.OS88  p m ole)  and A o h  (0 .6'j A 2 o 0  u n i t ;  0.0*4-35 p m o le ) .  The 
pA: pC : pmxG : A o h  molar r a t i o s  o f  1 . 1 : 1 .2 : l .* i  : 1 .0  in d ic a te d  th a t  t h i s  was 
a t e t r a n u c l e o t i d e .  A t e t r a n u c l e o t i d e  w ith  the  same c o m p o s it io n  was
110
i s o l a t e d  from the p a n c r e a t ic  RNase d i g e s t i o n  o f  " ren a tu ra b le"  l e u c in e  
tRNA (9 5 )  a nd was found to  have the sequence ApApm1 GpCp.
Band I I I  from the p a n c r e a t ic  RNase d i g e s t i o n  o f  the peak 16 
o l i g o n u c l e o t i d e  ( 3 .*+*+*+ A260  u n i t s )  was d ig e s t e d  w ith  10 p i  o f  snake  
venom p h o sp h o d ie s te r a s e  in  0 . 5  ml o f  0 . 0 2  M NH4HCO3 a t  57° fo r  12  
h o u r s .  Chromatography in  s o lv e n t  B gave pU (O.6 5 8  A260  u n i t ;  0 .0 6 6  
p m ole) pC (0.*+86 A260  u n i t ;  0.06*4- p m o le ) ,  and two n u c le o s id e s :
O.7 8  A260  u n i t  (0 .0 5 2  p. m ole) o f  Ach and 0.9*+ A2eo  u n i t  (0 .0 6 3  jj, m ole)  
o f  m f G o H . There was a pU:pC:m2GoH : A oh  molar r a t i o  o f  1 . 3 : 1 . 2 : 1 . 2 : 1 . 0 .  
The r a t i o s  and the p resen ce  o f  two n u c le o s id e s  in d ic a te d  th a t  the  
o r i g i n a l  n u c le o t id e  band was a m ixture o f  two d i n u c l e o t i d e s .  Because  
the p a n c r e a t ic  RNase d i g e s t i o n  o f  " ren atu rab le"  l e u c in e  tRNA had the  
d in u c le o t i d e  m2GpCp as one o f  i t s  prod u cts  (9 5 )  > th e s e  two d in u c le o ­
t i d e s  were presumed to  be m§GpCp and ApUp.
The 1 2 . 7  A260  u n i t s  o f  th e  o l i g o n u c l e o t i d e  from peak 16 o f  the  
com plete  Ti RNase d i g e s t i o n  o f  " ren atu rab le"  le u c in e  tRNA ( f ig u r e  6 ) 
t h e r e f o r e  c o n ta in e d  th e  p a n c r e a t ic  RNase d i g e s t i o n  p rod u cts  whose 
i d e n t i t i e s  and molar r a t i o s  are  g iv e n  in  T able I I .
Table I I
P a n c r e a t ic  RNase D ig e s t io n  Prod ucts  from Peak 16 (F igure  6 )
Product I d e n t i t y  p, mole molar r a t i o
1 ApGpGpUp 0.07*+ 1 .1
2 ApApm GpCp 0 .0 7 2  1 . 0
3 GpApYp 0 .0 6 7  1 . 0
U m§GpCp O.O76 1 .1
5 ApUp 0 .0 7 6  1 .1
6 Gp 0 .0 7 0  1 . 0
7 Up 0 . I I 9 1 .7
6 Cp 0.52*4 l| .6
I l l
The r e s u l t s  o f  the p a n c r e a t ic  RNase d i g e s t i o n  o f  th e  peak 16 
o l i g o n u c l e o t i d e  in d ic a t e d  i t  c o n ta in e d  i n t e r n a l  Gp r e s id u e s  as w e l l  
as the e x p e c te d  3 1 term in a l Gp and w a s ,  t h e r e f o r e ,  a product o f  
in com p le te  Ti RNase d i g e s t i o n  o f  the tRNA.
I t  w a s ,  t h e r e f o r e ,  d ec id e d  to  cond uct a com p lete  Ti RNase d i ­
g e s t i o n .  For the d i g e s t i o n ,  26 A260  u n i t s  o f  the 3' d ep h osp h ory la ted  
o l i g o n u c l e o t i d e  were in cu b ated  w ith  35 P-l (1 2 2 .5  u n i t s )  o f  Ti RNase 
(3500 u n i t s /m l ;  Sankyo) in  0 .5  ml o f  0 .0 2  M T r i s - C l ,  pH 7*^> a t  37° 
fo r  12 h o u rs .  The d i g e s t i o n  m ixture was th en  made 7 M in  u r e a ,  and 
the d i g e s t i o n  p rod u cts  w ere a p p l ie d  to  a D E A E -ce llu lo se  column th a t  
had been e q u i l i b r a t e d  w ith  7 M u r e a ,  0 .0 2  M T r i s - C l ,  pH 7 -5 -  The 
column was e lu t e d  w ith  a l i n e a r  g r a d ie n t  o f  0 . 0  to  0 . 4  M NaCl in  a 
t o t a l  volume o f  600 ml o f  the  same b u f f e r .  F r a c t io n s  o f  2 .5  ml in  
10 m inutes w ere c o l l e c t e d .  The A2eo  e l u t i o n  p r o f i l e  i s  shown in  
f ig u r e  1 0 .  The peak tu b es  w ere com bined, urea and s a l t  w ere removed, 
and the n u c le o t id e  c o m p o s it io n  and sequence o f  each product were  
determ ined as f o l l o w s .
Peak 1 6 -1  (Cpm§Gp)
The 2 .9 4  A260  u n i t s  o f  peak 1 w ere d ig e s t e d  w ith  10 p,l o f  pan­
c r e a t i c  RNase (10 p g / p l ) i n  0 . 5  ml o f  0 . 0 2  M NH4HCO3 a t  37° fo r  5 
h o u rs .  Chromatography in  s o lv e n t  B y ie ld e d  Cp (0 .9 5 0  A260  u n i t ;  0 .1 2 5  
(i m ole) and m2Gp [1 .3 3 5  A2 e0  u n i t s ;  O.O89 p m o le ,  u s in g  a molar ab so rp ­
t i v i t y  o f  1 5 .0  A2 6 q u n its /p ,  mole ( 4 9 ) ;  s p e c tr a  on page 5 4 ] .  The CpimfGp 
molar r a t i o  was 1 . 4 ; 1 . 0 ,  i n d i c a t i n g  th a t  t h i s  Ti RNase product was the  
d in u c le o t i d e  Cpm§Gp. U sin g  an approxim ate h y p o ch ro m ic ity  o f  5̂ > ( 9 7 ) ,  
th ere  was 0 . 1 ;) p, mole o f  Cpm§Gp in  peak 1 6 - 1 .
FIGURE 10 - -  D E A E -ce llu lo se  column chromatography o f  the  
products  from com plete  Ti r ib o n u c le a s e  d i g e s t i o n  o f  the  3 ' 
d ep h osp h ory la ted  o l i g o n u c l e o t i d e  from peak 16 o f  the Ti RNase 
d i g e s t i o n  o f  " ren atu rab le"  l e u c in e  tRNA ( f ig u r e  6 ) .
The column (1 x 70 cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t  
o f  NaCl ( 0 .0  to  0.!+ M) in  J  M u r e a ,  0 .0 2  M T r i s - C l ,  pH J . k  
( t o t a l  volum e, 600 m l) .  F r a c t io n s  o f  3 In 10 m inutes were  
c o l l e c t e d .  D e term in a t io n  o f  the n u c le o t id e  sequ ence  o f  each  
o f  the products  i s  d e s c r ib e d  in  d e t a i l  in  th e  t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  th e  
f o l lo w in g  Ti RNase p ro d u cts:
Peak 1 - -  CpmfGp
Peak 2 - -  Gp
P e a k  3 UpApUpCpGoH
Peak 1 - -  CpCpUpGp
Peak 5 CpCpCpApGp













Peak 1 6 -2  (Gp )
T his  Ti RNase product was i d e n t i f i e d  as Gp by i t s  UV spectrum  and 
i t s  m o b i l i t y  on th e  column. There were 1 .7 1 7  A260  u n i t s  or 0 .1 5  p, 
mole o f  Gp.
P e a k  1 6 -3  (UpAp UpCpGoh )
A fte r  p u r i f i c a t i o n  (w ith o u t  d e p h o sp h o r y la t io n )  in  s o lv e n t  A , the  
6 .0 3  A260  u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  were d ig e s t e d  w ith  10 p,l o f  
p a n c r e a t ic  RNase in  0 .5  ml o f  0 .0 2  M NH4HCO3 a t  37° fo r  6 h o u rs .
There were two n u c le o t i d e  bands and one n u c le o s id e  band. The n u c le o ­
s id e  band was found to  c o n ta in  1 .1 2  A260  u n i t s  (O.O98  p, m ole) o f  G ch  ,  
in d ic a t i n g  th a t  the 3' t erm in a l  G o f  t h i s  o l i g o n u c l e o t i d e  was d e-  
p h o sp h o r y la te d . S in c e  the o r i g i n a l  peak 16 o l i g o n u c l e o t i d e  had been  
d e p h o sp h o r y la te d , but the peak I 6 -3  o l i g o n u c l e o t i d e  had not been  
t r e a t e d  w ith  a l k a l i n e  p h o sp h a ta se ,  the  o n ly  way fo r  t h i s  G to  be w i t h ­
out a 3 ' phosphate group would be fo r  i t  to  be th e  3 ' r e s id u e  from the  
peak 16 o l i g o n u c l e o t i d e .  T h e r e fo r e ,  th e  peak 1 6 -3  o l i g o n u c l e o t i d e  i s  
from the 3 ' end o f  th e  peak 16 o l i g o n u c l e o t i d e .
The s low er moving o f  th e  two n u c le o t id e  bands (2 .  2k A2 eo  u n i t s )  
from the p a n c r e a t ic  RNase d i g e s t i o n  o f  1 6 -3  was d ig e s t e d  w ith  10 p,l 
o f  a l k a l i n e  phosph atase  (1 p ,g/p,l) and 10  p,l o f  snake venom phospho­
d i e s t e r a s e  (1 p,g/p,l) in  0 .5  ml o f  0 .0 2  M NH4HCO3 a t  37° f o r  6 h o u rs .  
Chromatography in  s o lv e n t  B y ie ld e d  the  two n u c le o s i d e s ,  U o h  (0 .8 6 1  
A2g0  u n i t ;  0.090  p. m ole) and A o h  ( I . 2U9 A260  u n i t s ;  O.O83 p, m o le ) .
The U:A molar r a t i o  o f  1 . 1 : 1 . 0  in d ic a te d  th a t  t h i s  p a n c r e a t ic  RNase 
product was the d in u c le o t i d e  ApUp.
The c o m p o n e n t s  o f  t h e  f a s t e r  moving  n u c l e o t i d e  band  (1 .7 ^ 0  A2GO
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u n i t s )  f ro m  t h e  p a n c r e a t i c  RNase d i g e s t i o n  o f  1 6 -3  w e r e  s e p a r a t e d  by 
c h r o m a t o g r a p h y  i n  s o l v e n t  A.  T hey  w e r e  i d e n t i f i e d  a s  Up (0.964  A2 e o  
u n i t ;  0 .0 9 7  M< m o l e )  an d  Cp (0 .6 1 0  A2 6 0  u n i t ;  0 .0 8 0  p m o l e ) .
The o l i g o n u c l e o t i d e  i n  p e a k  16 - 3 , t h e r e f o r e ,  c o n t a i n e d  Up,  Cp,  
ApUp and  G o h  i n  m o l a r  r a t i o s  o f  0 . 9 9 : 0 . 8 2 : 0 . 9 7 : 1 . 0 .  To d e t e r m i n e  t h e  
n u c l e o t i d e  s e q u e n c e ,  i t  was  n e c e s s a r y  t o  c o n d u c t  a p o l y n u c l e o t i d e  
p h o s p h o r y l a s e  d i g e s t i o n  o f  t h e  o l i g o n u c l e o t i d e .
A s e c o n d  T i  RNase d i g e s t i o n  o f  t h e  p e a k  16 o l i g o n u c l e o t i d e ,  u s i n g  
t h e  same a m o u n t s  o f  o l i g o n u c l e o t i d e  and  Ti RNase a s  t h e  f i r s t  d i g e s ­
t i o n ,  and  a  D E A E - c e l l u l o s e  co lu m n  s e p a r a t i o n  o f  t h e  p r o d u c t s  u n d e r  t h e  
same c o n d i t i o n s  y i e l d e d  6 . 0 9  A2 6 0  u n i t s  o f  t h e  16-3  o l i g o n u c l e o t i d e .
The o l i g o n u c l e o t i d e  was  f i r s t  d i g e s t e d  w i t h  20 p i  o f  a l k a l i n e  
p h o s p h a t a s e  i n  0 .2 3  ml o f  0 .0 6  M T r i s - C l ,  pH 8 . 0 ,  a t  370 f o r  1 h o u r .  
T h e n ,  0 .0 5  ml o f  0 . 1  M p o t a s s i u m  p h o s p h a t e  b u f f e r ,  pH 7 - 0 ,  0 . 1  ml o f  
0 .0 1  M MgCl2 and  20 p i  o f  p o l y n u c l e o t i d e  p h o s p h o r y l a s e  (10 p g / p l )  
w e r e  a d d e d .  D i g e s t i o n  w as  c o n t i n u e d  a t  37° f o r  13  h o u r s ,  and  t h e  
p r o d u c t s  w e r e  s e p a r a t e d  by c h r o m a t o g r a p h y  i n  s o l v e n t  C. The s l o w e s t  
o f  t h e  f o u r  n u c l e o t i d e  b a n d s  (1 .2 8 9  A2 6 0  u n i t s )  was  f u r t h e r  p u r i f i e d  
by c h r o m a t o g r a p h y  i n  s o l v e n t  A ,  g i v i n g  a s i n g l e  b a n d .  I t  was  t h e n  
d i g e s t e d  w i t h  10 p i  o f  p a n c r e a t i c  RNase i n  0 .2 5  ml o f  0 . 0 2  M NH4HCO3 
and  t h e  p r o d u c t s  w e r e  s e p a r a t e d  by c h r o m a t o g r a p h y  i n  s o l v e n t  B. T h e r e  
w e r e  two n u c l e o t i d e  b a n d s .  No n u c l e o s i d e s  w e r e  e v i d e n t .  The s l o w e r  
moving  n u c l e o t i d e  was  i d e n t i f i e d  a s  Up (0 .2 7 1  A26q u n i t ,  0 .0 2 8  p m o l e ) .  
The o t h e r  band  (0 .5 8 8  A2 6 0  u n i t )  was d i g e s t e d  w i t h  10 p i  o f  a l k a l i n e  
p h o s p h a t a s e  (1 p g / p l )  and  10  p i  o f  s n a k e  venom p h o s p h o d i e s t e r a s e  
(1 p g / p l )  i n  0 .2 5  ml o f  0 . 0 2  M NH4HCO3 a t  37° f o r  6 h o u r s .  C h r o m a t o ­
g r a p h y  i n  s o l v e n t  B  g ave  t h e  n u c l e o s i d e s  U o h  (0 .2 1 8  A2 6 0  u n i t ,  0 .0 2 3
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p m ole) and A oh (0 .3 2 0  A26q u n i t ,  0 .0 2 1  p m o le ) ,  in d ic a t i n g  th a t  t h i s  
p a n c r e a t ic  RNase product was ApU (0.02U p m o le ) .  The Up:ApU molar 
r a t i o  o f  1 . 0  to  0 . 8 6 ,  as w e l l  as  th e  f a c t  th a t  p a n c r e a t ic  RNase d i ­
g e s t io n  o f  th e  3 ' d ep h osp h ory la ted  o l i g o n u c l e o t i d e  from th e  p o ly ­
n u c le o t i d e  p h o sp h o ry la se  d i g e s t i o n  d id  not g iv e  a n u c le o s id e  from the  
3 ' end in d ic a t e d  th a t  the p o ly n u c le o t id e  p h osp h ory lase  product was 
a t r i n u c l e o t i d e  w ith  the seq uence  UpApU. T h is  was confirm ed  by the  
snake venom p h o sp h o d ie s te r a s e  d i g e s t i o n  o f  an o th er  p u r i f i e d  product  
o f  the p o ly n u c le o t id e  p h osp h ory lase  d i g e s t i o n ,  r e s u l t i n g  in  0 .0 2 6  p 
mole o f  pA and 0 .0 2 3  M' mole o f  U o h  ( th e  5 ' term in a l r e s i d u e ) .
The in fo r m a t io n  from th e  p o ly n u c le o t id e  p h osp h ory lase  d i g e s t i o n  
o f  the peak 1 6 -3  o l i g o n u c l e o t i d e  gave the  sequence o f  th r e e  o f  the  
f i v e  r e s id u e s  o f  the o l i g o n u c l e o t i d e .  S in c e  the G was known to  be a t  
the 3 '  en d , the sequence was UpApUpCpGoH. There was a p p rox im ate ly  
0 .1 2  M' mole o f  t h i s  p e n ta n u c le o t id e  in  peak 1 6 -3 -
Peak 1 6 -U (CpCpUpGp)
The U .30  A2 eo  u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  were d ig e s t e d  w ith  
10 p.1 o f  p a n c r e a t ic  RNase (10 p g / p l )  and 10 p i  o f  a l k a l i n e  phosphatase  
(1 p g / p l )  in  0 .5  ml o f  0 . 0 2  M NH4HCO3 a t  37° fo r  5 h o u rs .  The p ro­
d u c ts  were sep a ra ted  by chromatography in  s o lv e n t  B, w hich gave a 
n u c le o t id e  band th a t  was i d e n t i f i e d  as Gp (1 .2 5  A2 6 q u n i t s ,  0 .1 1  p 
m ole) and a n u c le o s id e  band. The two components in  th e  n u c le o s id e  
band were s ep a ra ted  by chromatography in  s o lv e n t  D and i d e n t i f i e d  as  
C o h  (1 .3 0 6  A2 ro  u n i t s ,  0 .1 8 2  p  m ole) and the f a s t e r  moving U o h  (0 .6 0 6  
A200  u n i t ,  0 .0 0 3  p m o le ) .  The U:C:G molar r a t i o  o f  0 . 6 : 1 . Y : 1 . 0  i n ­
d ic a t e d  th a t  the peak 1 6-b  o l i g o n u c l e o t i d e  was a t e t r a n u c l e o t i d e  w ith
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the p a r t i a l  sequence (Up, 2 Cp) Gp.
The second Ti RNase d i g e s t i o n  o f  the peak 16 o l i g o n u c l e o t i d e  
y ie ld e d  U.05 A26Q u n i t s  o f  th e  peak 16 - b  t e t r a n u c l e o t i d e ,  which was 
d ig e s t e d  w ith  p o ly n u c le o t id e  p h osp h ory lase  as  d e s c r ib e d  in  th e  d i s ­
c u s s io n  o f  peak 16-3*  S e p a r a t io n  o f  the p rod u cts  in  s o lv e n t  C gave 
two in c o m p le te ly  se p a r a te d  n u c le o t i d e s  and a n u c le o s id e  a r e a .  The 
n u c le o t i d e s  were com bined, th en  s e p a r a te d  by chromatography in t o  a 
major band (O .7O9 A26Q u n i t )  and a contam inant (0.11+8 A2eo  u n i t ) .
The p u r i f i e d  n u c le o t id e  band from trea tm en t  w ith  p o ly n u c le o t id e  
p h osp h ory lase  was d ig e s t e d  w ith  10 M-l o f  p a n c r e a t ic  RNase in  0 .2 5  ml 
o f  0 . 0 2  M NH4HCO3 a t  37° f ° r 6 1 / 2  h o u rs .  Chromatography in  s o lv e n t  B 
y ie ld e d  th e  n u c le o t id e  Cp (0.1+72 A26Q u n i t ,  0 .0 6 2  p. m ole) and the  
n u c le o s id e  U oh (O .278  A260  u n i t ,  0 .0 2 9  |x m o le ) .  The CprUcn molar 
r a t i o  was 2 . 1 :1 . 0 , and s i n c e  th e  3 ' te r m in a l  r e s id u e  had been found 
to  be Uo h , t h i s  p o ly n u c le o t id e  p h o sp h o ry la se  d i g e s t i o n  product was 
i d e n t i f i e d  as th e  t r i n u c l e o t i d e  CpCpUoH.
The o r i g i n a l  peak 16-1+ o l i g o n u c l e o t i d e  had p r e v io u s ly  been found 
to  be a t e t r a n u c l e o t i d e  c o n t a in in g  2Cp, Up and Gp, so  th e  sequen ce  had 
to  be CpCpUpGp. There was a p p ro x im a te ly  0 .1 3  |x mole in  peak 16-1+, 
c a l c u l a t e d  u s in g  an e s t im a te d  h y p o ch ro m ic ity  o f  10^ ( 9 7 ) .
Peak 1 6 -5  (CpCpCpApGp)
The 5 .7 5  A260  u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  were d ig e s t e d  w ith  
10 p i  o f  p a n c r e a t ic  RNase (10 p.g/M.1) and 10 o f  a l k a l i n e  phosp hatase  
a t  37° fo r  8 h ou rs .  S e p a r a t io n  o f  the p rod u cts  in  s o lv e n t  B gave one 
n u c le o t id e  band and a n u c le o s id e  band th a t  was i d e n t i f i e d  as C o h  ( I . 9 II+ 
A2go u n i t s ,  0 .2 5 2  u m o le ) .  The 2 .5 2 6  A2 co  u n i t s  o f  the n u c le o t id e  band
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w ere d ig e s t e d  w ith  10  | i l  o f  snake venom p h o sp h o d ie s te r a s e  (1 (j ,g /p l)  
a t  37° fo r  9 hours and chromatography in  s o lv e n t  B gave a n u c le o t id e  
pG (0 .8 1 6  A260  u n i t ,  0 .0 7 1  m ole) and a n u c le o s id e  A oh ( 1 . 2 k j  A2 6 o 
u n i t s ,  O.O83 H m o le ) .  The pG:A molar r a t i o  o f  1 . 1 : 1 . 0  i d e n t i f i e d  
t h i s  product as the d i n u c le o t i d e  ApGp. There was a p p rox im ate ly  
0 .1 0 2  (jt mole o f  ApGp, u s in g  a h yp och rom ic ity  o f  7$ ( 9 7 ) .  The 
ApGp:Cp molar r a t i o  was 1 . 0 : 2 . 5  and th e  Ap:Gp:Cp molar r a t i o  was 
1 . 0 :0 . 9 :3 .0 , so  i t  was concluded  th a t  the peak 16 -5  o l i g o n u c l e o t i d e  
was CpCpCpApGp [0 .1 ^  p, m ole , 15$ h yp och rom ic ity  (9 7 ) J.
In subseq uent i s o l a t i o n s  o f  t h i s  p e n ta n u c le o t id e  from the pro­
d u cts  o f  th e  p a r t i a l  Ti RNase d i g e s t i o n s ,  a p seu d o u r id in e  was d e ­
t e c t e d  in  the  chromatograms a f t e r  p a n c r e a t ic  RNase d i g e s t i o n ,  i n d i ­
c a t i n g  th a t  the p e n ta n u c le o t id e  co n ta in e d  2 Cp and one Yp in s t e a d  o f  
3 Cp. Because a l l  o f  th e  tRNA used fo r  th e  com p lete  Ti RNase d i ­
g e s t io n  had been degraded in  sequence  a n a l y s e s ,  i t  was not p o s s i b l e  
to  r e -c h e c k  the sequence to  see  i f  th e r e  was a sm a ll  amount o f  
p seu d ou rid in e  p r e s e n t  th a t  had gone u n d e tec ted  becau se  i t  d id  not  
appear as a UV ab sorb in g  band on the chromatogram.
Peak 1 6 -6  (ApYpUpm5CpApApm1 Gp)
The 8 .1 5  A260  u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  were d ig e s t e d  w ith  
20 p,l o f  p a n c r e a t ic  RNase (10 n g /p - l) *-n 0*25 ml o f  0 . 0 2  M T r i s - C l ,  
pH 7.1+ a t  37° f ° r 5 h o u r s .  Chromatography in  s o lv e n t  A gave th r e e  
n u c le o t id e  bands.
The s lo w e s t  moving band (2 .9 9  A2eo  u n i t s )  was d ep h osp h ory la ted  
w ith  20 p, 1 o f  a l k a l i n e  phosph atase  (1 p g /p ,l)  in  0 .2 5  ml o f  0 . 0 2  M 
NH4HCO3 a t  37° fo r  6 h o u rs .  Chromatography in  s o lv e n t  B gave a
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n u c le o s id e  band which was i d e n t i f i e d  as U oh (O . J O J  A2eo  u n i t ,  0 .0 7 ^  p 
m ole) and a n u c le o t id e  band (1 .8 5 5  A260 u n i t s )  which was d ig e s t e d  
w ith  10 | i l  o f  a lk a l i n e  phosphatase  (1 p g / p l )  and 10 p i  o f  snake venom 
p h o sp h o d ie s te r a s e  (1 p g / p l )  in  0 . 5  ml o f  0 . 0 2  M NH4HCO3 a t  370 f o r  8 
h o u rs .  Chromatography in  s o lv e n t  B y ie ld e d  equim olar amounts o f  Y o h  
and A oh .
The second n u c le o t i d e  band (3.65  A260 u n i t s )  was d ig e s t e d  w ith  
20 p i  o f  a l k a l i n e  phosp hatase  (1 p g / p l )  and 10 p i  o f  snake venom 
p h o sp h o d ie s te r a s e  (1 p g / p l )  in  0 .2 5  ml o f  0 . 0 2  M NH4HCO3 a t  37°
6 h o u r s .  C h r o m a t o g r a p h y  i n  s o l v e n t  B gave  two n u c l e o s i d e  b a n d s :  
m1 GoH (0 .9 0 5  A2 6 0  u n i t ,  0 .0 7 9  I1 m o l e )  an d  Aoh (2 .8 1 9  A2eo  u n i t s ,
0 .1 8 7  p m o le ) .
The t h ir d  n u c le o t id e  band was i d e n t i f i e d  as m5Cp (0 .^5^  A2eo  
u n i t ,  ap p rox im ate ly  O.076 p m o le ) .
The peak 1 6 -6  o l i g o n u c l e o t i d e  w a s ,  t h e r e f o r e ,  composed o f  
ApApm1Gp, ApYp, m5Cp and Up. T h is  c o m p o s it io n  was a l s o  found in  the  
o l i g o n u c l e o t i d e  from peak lU ( f ig u r e  6 ) o f  the com plete  Ti RNase 
d i g e s t i o n  o f  the i n t a c t  tRNA. The peak 1 6 -6  o l i g o n u c l e o t i d e  t h e r e fo r e  
had th e  same sequ en ce: ApYpUpm5CpApApm1Gp. There was a p p rox im ate ly
0 .1 2  p mole o f  t h i s  h e p ta n u c le o t id e  in  peak 16- 6 , u s in g  an e s t im a te d  
h y p o ch ro m ic ity  o f  20$ f o r  the c a l c u l a t i o n .
Having determ ined  th e  seq u en ces  o f  the products  o f  th e  p a n c r e a t ic  
RNase and Ti RNase d i g e s t i o n s  o f  the peak 16 o l i g o n u c l e o t i d e ,  i t  was 
p o s s i b l e  to  deduce the sequence o f  th e  in t a c t  o l i g o n u c l e o t i d e  by o v e r ­
lap p in g  the s h o r te r  fragm ents as shown in  f ig u r e  1 1 .  As p r e v io u s ly  
s t a t e d ,  the p e n ta n u c le o t id e  UpApUpCpCp had to  h e  a t  the •>' end o f  the  
o l i g o n u c l e o t i d e ,  because i t  lacked  the 3' t erm in a l  phosphate which was
FIGURE 11 — N u c le o t id e  sequence o f  th e  o l i g o n u c l e o t id e  
from peak 16 o f  the com p lete  Ti RNase d i g e s t i o n  o f  " ren atu rab le"  
le u c in e  tRNA ( f ig u r e  6 ) .  The sequence  was deduced from o v e r ­
la p s  of p roducts  from Ti RNase and from p a n c r e a t ic  RNase d i g e s ­
t i o n  o f  the o l i g o n u c l e o t i d e .  U nder lined  sequences  are fragm ents  
produced by Ti RNase d i g e s t i o n ;  o v e r l in e d  sequences  are  f r a g ­
ments from p a n c r e a t ic  RNase d i g e s t i o n .
1»I I*5 ? '
CpGpCpCpUpGpApVpUpCpApApGpCpCpCpApGpGpUpApUpCpGp
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removed w i t h  d i g e s t i o n  o f  t h e  i n t a c t  o l i g o n u c l e o t i d e  w i t h  a l k a l i n e  
p h o s p h a t a s e .  S i n c e  t h i s  p e n t a n u c l e o t i d e  was t h e  o n l y  T i  RNase p r o ­
d u c t  b e g i n n i n g  w i t h  a Up,  and  t h e  p a n c r e a t i c  RNase p r o d u c t  ApGpGpUp 
was  t h e  o n l y  one e n d i n g  i n  GpUp, t h e  s e q u e n c e  o f  t h e  3' end  o f  t h e  
o l i g o n u c l e o t i d e  became ApGpGpUpApUpCpGp. T h i s  f r a g m e n t  b e g a n  w i t h  
t h e  o n l y  ApGp i n  t h e  o l i g o n u c l e o t i d e ,  s o  i t  had  t o  be p r e c e d e d  by 
t h e  t h r e e  Cp r e s i d u e s  o f  t h e  Ti  p e n t a n u c l e o t i d e  CpCpCpApGp. T h i s  
l e f t  o n l y  t h r e e  T i  RNase f r a g m e n t s .  The h e p t a n u c l e o t i d e  b e g i n n i n g  
i n  ApYp had  t o  be p r e c e d e d  by an  u n s u b s t i t u t e d  Gp b e c a u s e  o f  t h e  
p r e s e n c e  o f  t h e  p a n c r e a t i c  RNase p r o d u c t  GpApYp. T h i s  m e a n t  t h a t  
t h i s  h e p t a n u c l e o t i d e  h a d  t o  be p r e c e d e d  by t h e  t e t r a n u c l e o t i d e  
CpCpUpGp. T h i s  l e f t  o n l y  t h e  d i n u c l e o t i d e  CpmfGp, w h i c h  had  t o  go 
e i t h e r  a t  t h e  <' end  o f  t h e  p e a k  16 o l i g o n u c l e o t i d e  o r  b e t w e e n  t h e  two 
o l i g o n u c l e o t i d e s  whose  s e q u e n c e s  ha d  b e e n  d e d u c e d .  The d i n u c l e o t i d e  
was p l a c e d  a t  t h e  3 1 end  o f  t h e  p e a k  It o l i g o n u c l e o t i d e  b e c a u s e  t h i s  
w ou ld  g i v e  t h e  maximum am oun t  o f  h y d r o g e n  b o n d i n g  i n  t h e  a n t i c o d o n  
l o o p  o f  t h e  tRNA ( f i g u r e  3 6 ) and  w ou ld  p l a c e  t h e  a n t i c o d o n  m5 CpApAp 
i n  t h e  p r o p e r  l o c a t i o n .  [The tRNA had  b e e n  shown t o  p u t  l e u c i n e  i n t o  
a p o l y p e p t i d e  c h a i n  i n  r e s p o n s e  t o  t h e  codom UUG (126), s o  t h a t  t h e  
a n t i c o d o n  i n  t h e  tRNA h a d  t o  be Cp ( o r  a s u b s t i t u t e d  C) ApA p.]
A n o t h e r  r e a s o n  f o r  p l a c i n g  t h e  d i n u c l e o t i d e  Cpm§Gp a t  t h e  5 ' end 
o f  t h e  p e a k  l b  o l i g o n u c l e o t i d e  was t h a t  when t h e  p r i m a r y  n u c l e o t i d e  
s e q u e n c e  was a r r a n g e d  i n  t h e  c l o v e r  l e a f  s e c o n d a r y  s t r u c t u r e  ( f i g u r e  56),  
t h e  m in o r  n u c l e o t i d e  m^Gp became t h e  f i r s t  n u c l e o t i d e  a f t e r  t h e  d i ­
h y d r o u r i d i n e  s t e m .  I n  a l l  tRNA's  w h i c h  c o n t a i n  m^Gp, t h e  n u c l e o t i d e  
i s  found  o n l y  a t  t h i s  p o s i t i o n .  T h i s  p o i n t  w i l l  be c o v e r e d  i n  more 
i l i - t a i l  i n  t h e  D i s c u s s i o n  s e c t i o n ,  b u t  i t  seems l o g i c a l  t o  s u p p o s e  t h a t
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" ren a tu ra b le"  le u c in e  tRNA would fo l lo w  t h i s  p a t te r n  o f  m§Gp l o c a t i o n  
a lr e a d y  observed  in  o th e r  tRNA's.
The sequence o f  th e  peak 16 o l i g o n u c l e o t i d e  w a s ,  t h e r e f o r e ,  c o n ­
c lu d ed  to  be Cpm§GpCpCpUpGpApYpUpm5 CpApApm1 GpCpCpCpApGpUpApUpCpGp.
There were 115 A2eo  u n i t s ,  or ap p rox im ate ly  0 .5 7 5  M- m ole ,  o f  t h i s  
o l i g o n u c l e o t i d e  in  peak 1 6 .
F i r s t  P a r t i a l  _2 i_  RNase D ig e s t io n
To c o m p le te ly  d eterm ine the n u c le o t id e  sequence o f  " ren atu rab le"  
le u c in e  tRNA, i t  was n e c e s s a r y  to  o b ta in  in fo rm a tio n  about the ord er  
o f  the p roducts  from th e  com p lete  Ti RNase d i g e s t i o n  and com p lete  pan­
c r e a t i c  RNase d i g e s t i o n  o f  th e  tRNA. T his  was accom p lished  by co n ­
d u c t in g  a s e r i e s  o f  p a r t i a l  Ti RNase d i g e s t i o n s  o f  the tRNA to  o b ta in  
o l i g o n u c l e o t i d e s  c o n t a in in g  one or more in t e r n a l  guanosine  r e s id u e s .  
These o l i g o n u c l e o t i d e s  were then  s u b je c te d  to  com p lete  d i g e s t i o n  w ith  
Ti RNase, the products  were i d e n t i f i e d ,  and t h e i r  order was d educed .
In the  f i r s t  p a r t i a l  d i g e s t i o n  w ith  Ti RNase, 1 5 ,0 0 0  u n i t s  o f  
Sankyo Ti RNase in  5 ml were added to  1000 A2eo  u n i t s  o f  p u r i f i e d  
(Method I I )  " ren atu rab le"  le u c in e  tRNA in  15-5  ml o f  0 .0 5  M T r i s - C l ,  
pH 7 . ^ ,  and the d i g e s t i o n  was a llo w ed  to  co n t in u e  a t  0° fo r  20 m in u te s .  
The r e a c t io n  was stopped w ith  T r is  (pH 7 - 5 )  sa tu r a te d  phenol and e x ­
t r a c t i o n s  were conducted  as d e s c r ib e d  in  Methods.
The d i g e s t i o n  produ cts  (1155 A26q u n i t s  in  5 ml) were made 7 M 
in  u r e a ,  a p p l ie d  to  a D E A E -ce llu lo se  column (1 x 200 cm) th a t  had 
been e q u i l i b r a t e d  w ith  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  pH 7 *5 . O l ig o n u c le o ­
t i d e s  were sep aru ted  d u rin g  e l u t i o n  o f  the column w ith  a l i n e a r  s a l t  
g r a d ie n t  produced by one l i t e r  each o f  0 . 0  M and 0.'> M NaCl in  the
FIGURE 12 - -  D E A E -ce llu lo se  column chromatography o f  th e  
p roducts  from the f i r s t  p a r t i a l  Ti RNase d i g e s t i o n  o f  " re­
n a tu rab le"  l e u c in e  tRNA. ( D e t a i l s  o f  d i g e s t i o n  are g iv e n  in  the  
t e x t . )
The column (1 x 200 cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by one l i t e r  each  o f  0 . 0  M and 0 . 5  M NaCl in  7 M u r e a ,  
0 .0 2  M T r i s - C l ,  pH 7 -5 -  F r a c t io n s  o f  ^ ml in  15 m inutes were  
c o l l e c t e d  and the Ageo o f  each  was measured. Peaks 1 and 2 
w ere fu r th e r  se p a r a te d  ( f i g u r e  1 3 ) ,  and peak 3 was rechrom ato­


















same b u f f e r .  F r a c t io n s  were c o l l e c t e d  a t  th e  r a te  o f  U ml per 15 
m in u te s ,  and the absorbance a t  260 mp- was measured fo r  each one. The
A26 o e l u t i o n  p r o f i l e  o f  th e  column i s  shown in  f ig u r e  1 2 .
The f r a c t i o n s  in  each o f  the peaks were p o o le d ,  and passed  through  
B io g e l  columns fo r  urea and s a l t  rem oval.
Peaks 1 and 2 ,  F igure  1 2 . The o l i g o n u c l e o t i d e s  in  peaks 1 and 2 
were combined and a p p l ie d  to  a D E A E -ce llu lose  column (1 x 77 cm) th a t  
had been e q u i l i b r a t e d  w ith  J  M u r e a ,  pH 3 - 0 .  The column was e lu t e d  
w ith  a l in e a r  g r a d ie n t  produced by 500 ml each  o f  0 . 0  M and 0 .5  M 
NaCl in  7 M u r e a ,  pH 3 - 0 .  F r a c t io n s  o f  3 ml in  10 m inutes were c o l ­
l e c t e d  and th e  absorbance a t  260 mp was measured. The A2eo  e l u t i o n  
p r o f i l e  o f  the column i s  shown in  f ig u r e  1 3 - I t  can be seen  th a t  t h i s  
column r e s u l t e d  in  good s e p a r a t io n  o f  the two o l i g o n u c l e o t i d e s .  A f te r  
the f r a c t i o n s  under each o f  the peaks w ere com bined, they  were ad­
ju s te d  to  n e u tr a l  pH w ith  a few drops o f  2 M NH40H.
Ti RNase D ig e s t io n  o f  Peak 1 .  FiRure 1 3 . The 73 A260  u n i t s  o f  
the o l i g o n u c l e o t i d e  from peak 1 ( f ig u r e  1 3) were d ig e s t e d  w ith  20 (J.1 
o f  Ti RNase (100 u n i t s ;  Sankyo) in  0 .5  ml o f  0 .0 2  M T r i s - C l ,  pH 7»5> 
a t  37° fo r  9 h o u rs .  The products  were sep a ra ted  on a D E A E -cellu lose  
column (1 x 68 cm) th a t  was e lu t e d  w ith  a l i n e a r  g r a d ie n t  (0 .0  to  0 A  M) 
of NaCl in  a t o t a l  volume o f  600 ml o f  J  M u r e a ,  0 .0 2  M T r i s - C l ,  pH 
7 . 5 .  F r a c t io n s  o f  3 ml in  10 m inutes were c o l l e c t e d  and measured fo r  
absorbance a t  260 mp,. The A26Q e l u t i o n  p r o f i l e  o f  the column i s  shown 
in  f ig u r e  l b .
P u r i f i c a t i o n  o f  the peak 1 ( f ig u r e  1U) m a te r ia l  by chromatography  
in  s o lv e n t  A y ie ld e d  a s i n g l e  band which was found to  c o n ta in  nACp
FIGURE 13 — D E A E -ce llu lose  column chromatography ( a t  pH 
3 .0 ) o f  the combined peaks 1 and 2 from the f i r s t  p a r t i a l  Ti 
RNase d i g e s t i o n  o f  " ren atu rab le"  le u c in e  tRNA ( f ig u r e  1 2 ) .
The column (1 x 77 cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t
produced by 500 ml each o f  0 . 0  M and 0 . 1  M NaCl in  7 H u r e a ,
pH 3 - 0 .  F r a c t io n s  o f  3 in  10 m inutes w ere c o l l e c t e d .
I d e n t i f i c a t i o n  o f  the Ti RNase d i g e s t i o n  fragm ents p r e s e n t  in  
each o l i g o n u c l e o t i d e  i s  d e sc r ib e d  in  th e  d i s c u s s i o n  o f  f i g u r e s  









FIGURE - -  D E A E -ce llu lo se  column chromatography o f  the  
products  from the com plete  Ti RNase d i g e s t i o n  o f  th e  o l i g o ­
n u c le o t id e  from peak 1 ,  f ig u r e  1 3 .
The column (1 x 68  cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t
produced by 300 ml each  o f  0 . 0  and 0 . 4  M NaCl in  7 M u r e a ,
0 .0 2  M T r i s - C l ,  pH 7 -5 •  F r a c t io n s  o f  3 ml  in  10 m inutes were
c o l l e c t e d .  D e term in a t io n  o f  the n u c le o t id e  seq u en ces  o f  each  
o f  the d i g e s t i o n  products  i s  d e s c r ib e d  in  th e  t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
fo l l o w in g  Ti RNase p ro d u cts:
Peak 1 - -  m2Gp 
Peak 2 - -  Gp 
Peak 3 - -  ApGp 
Peak 4 - -  UpUpGp 
Peak 5 CpCpGp 
Peak 6 - -  pGp 












( 2 .2 0  A26Q u n i t s ,  O .I9 p. m o le ) .
Peak 2 was i d e n t i f i e d  by i t s  UV spectrum  and i t s  m o b i l i t y  in  the  
column as Gp.
Peak 3 was p u r i f i e d  by trea tm en t w ith  a l k a l i n e  p h osp h atase  f o l ­
lowed by chromatography in  s o lv e n t  A. A snake venom p h o sp h o d ie s te r a s e  
d i g e s t i o n  o f  the s i n g l e  band y ie ld e d  pG (2 .6 1 6  A260  u n i t s ,  0 .2 2 6  p, 
m ole) and A ch (3 .3 4 2  A 2 e o  u n i t s ,  0 .2 2 3  p. m o le ) .  The A:G molar r a t i o  
o f  1 . 0 : 1 . 0  in d ic a t e d  th a t  t h i s  peak c o n ta in ed  th e  d i n u c l e o t i d e  ApGp.
D ig e s t io n  o f  th e  I 7 .O A260  u n i t s  o f  th e  m a te r ia l  in  peak 4 w ith  
a l k a l i n e  p h o sp h a ta se ,  fo l lo w e d  by chromatography in  s o lv e n t  A y ie ld e d  
a n u c le o s id e  G (0 .5 0 3  A26Q u n i t )  and I 3 .O8 A2 6 q u n i t s  o f  a n u c le o t i d e .  
(The G was probably co n ta m in a t in g  pGp which com prised peak 6 . )  The 
n u c le o t id e  was d ig e s t e d  w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h osp h atase .  
Chromatography in  s o l v e n t  B y ie ld e d  G oh  (1 .4 2 4  A2 eo  u n i t s ,  0 .1 2 5  p, 
m ole) and U oh (1 .9 9 6  A2eo  u n i t s ,  0 .2 0 0  p, m o le ) .  The U:G molar r a t i o  
o f  1 . 7 :1 .0  in d ic a te d  th a t  t h i s  peak c o n ta in e d  th e  t r i n u c l e o t i d e  
UpUpGp.
D ig e s t io n  o f  the m a te r ia l  in  peak 5 ( f i g u r e  1 4 )  w ith  a l k a l i n e  
phosph atase  and p a n c r e a t ic  RNase, fo l lo w e d  by chromatography in  s o l ­
v e n t  B y ie ld e d  G oh (2 .3 6 5  A260  u n i t s ,  0 .2 0 7  p. m ole) and C oh  (2 .5 7 3  
A260  u n i t s ,  0 .3 3 9  H> m o le ) .  The C:G molar r a t i o  was 1 . 7 : 1 . 0 ,  in d ic a t i n g  
th a t  t h i s  product was CpCpGp.
There was no CpCpGp found in  the com p lete  Ti RNase d i g e s t i o n ,  
on ly  the  t r i n u c l e o t i d e  Cpac4CpGp. The UV spectrum  o f  th e  peak 5 t r i ­
n u c le o t id e  b e fo r e  d i g e s t i o n  and exposure  to  a l k a l i n e  c o n d i t io n s  d id  
not in d ic a t e  th a t  the ac4Cp was p r e s e n t ;  i e . , th ere  was no u n u su a lly  
high  absorbance a t  lo n g er  w a v e le n g th s .  I t  was t h e r e f o r e  concluded
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th a t  th e r e  was a p o r t io n  o f  the tRNA m o lec u le s  in  which th e  Cp r e s id u e  
a t  p o s i t i o n  12 was not a c y l a t e d .
The m a te r ia l  in  peak 6 was i d e n t i f i e d  by UV spectrum  and m o b i l i t y  
on the column as pGp.
D ig e s t io n  o f  the o l i g o n u c l e o t i d e  in  peak 7 ( f i g u r e  1 4 )  w ith  a lk a ­
l i n e  phosph atase  and p a n c r e a t ic  RNase, fo l lo w e d  by chromatography in  
s o l v e n t  B y ie ld e d  G oh (2 .6 4  A2 eo  u n i t s ,  0 . 2 3  p. m ole) and U oh (7*05  
A26Q u n i t s ,  0 .7 1  p m o le ) .  The U:G molar r a t i o  o f  3*1:1*0  i d e n t i f i e d  
t h i s  product as the t e t r a n u c le o t id e  UpUpUpGp. The i s o l a t i o n  and 
i d e n t i f i c a t i o n  o f  t h i s  Ti RNase product confirm ed th e  i d e n t i f i c a t i o n  
o f  UpUpUpGp as the o l i g o n u c l e o t i d e  in  peak 4 ( f ig u r e  6 )  from the
com p lete  Ti RNase d i g e s t i o n  o f  the i n t a c t  tRNA.
S in c e  t h i s  p a r t i a l  Ti RNase product c o n ta in ed  pGp, i t  was from 
the 3' end o f  the  tRNA m o le c u le .  I t  was n o t . p o s s i b l e  t o  determ ine the  
ord er  o f  the o th er  Ti RNase p roducts  (Gp, ApGp, UpUpGp, CpCpGp and 
UpUpUpGp) e x c e p t  th a t  i t  had been determ ined  from the  p a n c r e a t ic  RNase 
d i g e s t i o n  o f  the tRNA (9 5 )  th a t  the 5 ' term in a l fragment was pGpGpUp.
Ti RNase D ig e s t io n  o f  Peak 2 .  F igure  1 5 . The 76 A2 s o  u n i t s  o f  
the  second  o l i g o n u c l e o t i d e  from the f i r s t  p a r t i a l  Ti RNase d i g e s t i o n  
( f i g u r e  1 3 ) were d ig e s t e d  w ith  40 p i  o f  Ti RNase (200 u n i t s ,  Sankyo) 
in  0 . 5  ml o f  0 .0 2  M T r i s - C l ,  pH 7 * 5 .  a t  37° fo r  8 h o u r s .  The d i g e s t i o n  
m ixture was made 7 M in  urea and a p p l ie d  to  a D E A E -ce llu lo se  column 
2 x 9 I  cm) th a t  had been e q u i l i b r a t e d  w ith  7 M u r e a ,  0 .0 2  M T r i s - C l ,  
pH 7 - 5 .  The column was e lu t e d  w ith  a l i n e a r  g r a d ie n t  produced by 
400 ml each o f  0 . 0  M and 0 .5  M NaCl in  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  pH 7 . 5 .
F r a c t io n s  o f  2 ml in  10 m inutes were c o l l e c t e d ,  and the absorbance a t
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260 mM’ was m easured. The A260 e l u t i o n  p r o f i l e  o f  the column i s  shown 
in  f ig u r e  1 5 . The Ti RNase d i g e s t i o n  p rod u cts  in  each o f  the peaks  
were i d e n t i f i e d  as d e s c r ib e d  below .
The m a te r ia l  in  peak 1 ( f ig u r e  1 5 )  was i d e n t i f i e d  by n e u t r a l ,  
a c i d i c  and a lk a l i n e  UV s p e c tr a  and by i t s  t r a v e l  r a t e  on the  column  
as m2Gp. There were 5 -5 7  A260 u n i t s ,  or 0 .4 8 8  p m ole , o f  t h i s  
n u c l e o t i d e .
Peak 2 was found to  c o n ta in  Gp ( 8 .1 8  A2 6 q u n i t s ,  0 .7 2  p m o le ) .
D ig e s t io n  o f  the  J  .06  A26Q u n i t s  o f  peak 3 w ith  snake venom phos­
p h o d ie s te r a s e  and a l k a l i n e  p h o sp h a ta se ,  fo l lo w e d  by chromatography in  
s o lv e n t  B gave G o h  and A o h  in  equ im olar amounts. There was a t o t a l  o f  
0 .2 8 7  (i mole o f  ApGp.
The 2 8 .4  A260 u n i t s  o f  the m a te r ia l  in  peak 4 ( f i g u r e  I 5 ) was 
sep a ra ted  in t o  two components by chromatography in  s o lv e n t  A. The 
s low er  moving component was i d e n t i f i e d  a s  th e  t r i n u c l e o t i d e  UpUpGp 
a f t e r  d i g e s t i o n  w ith  p a n c r e a t ic  RNase and a l k a l i n e  phosp hatase  and 
chromatography in  s o lv e n t  B.
The f a s t e r  moving component was d ig e s t e d  w ith  a l k a l i n e  phosph atase  
in  0 .0 2  M T r i s - C l  pH 7-5»  the enzyme was removed by chromatography in  
s o lv e n t  A and th e  o l i g o n u c l e o t i d e  was then  d ig e s t e d  w ith  snake venom 
p h o sp h o d ie s te r a se  in  0 . 0 2  M T r i s - C l ,  pH 7-5* The prod u cts  were sep a ­
ra ted  in  s o lv e n t  A, th e  bands were e lu t e d  w ith o u t  w ashing in  E t^ H -  
E t ^  and were i d e n t i f i e d  as Gp, ac4Cp and C oh  . T h is  t r i n u c l e o t i d e  was 
th e r e fo r e  concluded  to  be Cpac4CpGp. There were ap p rox im ate ly  0 .4 4 5  p 
mole o f  Cpac4CpGp and ap p rox im ate ly  0 .4 6 5  p mole o f  UpUpGp in  peak ;i .
The m a ter ia l  in  peak 5 was i d e n t i f i e d  by i t s  UV spectrum and i t s  
m o b i l i t y  on the column as pGp. There were 6 .01 A:jr,0 u n i t s ,  or O.'mJO
FIGURE 15 — D E A E -ce llu lose  column chromatography o f  the  
products  from the com plete  Ti RNase d i g e s t i o n  o f  the o l i g o ­
n u c le o t id e  from peak 2 ,  f ig u r e  1 3 .
The column (1 x 75 cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t  
produced by ^00 ml each  o f  0 . 0  M and 0 . 5  M NaCl in  7 M u r e a ,  
0 .0 2  M T r i s - C l ,  pH 7 . 5 .  F r a c t io n s  were c o l l e c t e d  a t  the  r a te  
o f  2 ml in  10 m in u tes .  D eterm in ation  o f  the n u c le o t id e  
sequences  o f  each o f  th e  Ti RNase d i g e s t i o n  p rodu cts  i s  d e ­
s c r ib e d  in  th e  t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
f o l lo w in g  Ti RNase p ro d u cts:
Peak 1 - -  m2Gp
Peak 2 - -  Gp
Peak 3 ““ ApGp
Peak k  - -  Cpac4CpGp; UpUpGp
Peak 5 pGp










p, mole o f  t h i s  n u c le o t i d e .
The o l i g o n u c l e o t i d e  in  peak 6 ( f ig u r e  15 ) was i d e n t i f i e d  as  
UpUpUpGp a f t e r  d i g e s t i o n  w ith  a lk a l i n e  phosphatase  and p a n c r e a t ic  
RNase, fo l lo w ed  by chromatography in  s o lv e n t  B. There were 2U.82  
A260 u n i t s ,  or 0 .6 ^ 2  p moles o f  UpUpUpGp.
T his  second o l i g o n u c l e o t i d e  ( f ig u r e  1 3 ) from the p a r t i a l  Ti RNase 
d i g e s t i o n  was a l s o  from the 5 1 ent* o f  th e  tRNA m o le c u le ,  s in c e  i t  co n ­
ta in e d  a pGp. I t  a l s o  co n ta in e d  m2Gp, ApGp, UpUpGp and UpUpUpGp as  
did the f i r s t  o l i g o n u c l e o t i d e .  In s te a d  o f  h av in g  the t r i n u c l e o t i d e  
CpCpGp, how ever, t h i s  o l i g o n u c l e o t i d e  c o n ta in e d  Cpac4CpGp. The p r e ­
sen ce  o f  the ac4Cp r e s id u e  in  the one o l i g o n u c l e o t i d e ,  but n ot  in  the  
o t h e r ,  was th e  o n ly  d i f f e r e n c e  between the  two o l i g o n u c l e o t i d e s .  T h is  
in d ic a te d  th a t  in  th e  f i r s t  p a r t i a l  Ti RNase d i g e s t i o n ,  th e  tRNA was 
c le a v e d  in  o n ly  one p la c e  (betw een the 1 5 th  and 16th  r e s id u e s  from the  
5• end) and th a t  th e  Cp r e s id u e  a t  p o s i t i o n  12  was a c e t y l a t e d  in  some, 
but n ot  a l l ,  o f  the " ren atu rab le"  le u c in e  tRNA m o le c u le s .
Peak 5 .  F igure  1 2 . The th ir d  peak from th e  f i r s t  p a r t i a l  Ti 
RNase d i g e s t i o n  ( f i g u r e  1 2 )  c o n ta in ed  a t o t a l  o f  789 A2 eo  u n i t s .  H a lf  
o f  the m a te r ia l  was a p p l ie d  to  a D E A E -ce llu lose  column (1 x 200 cm) 
which had been e q u i l i b r a t e d  w ith  J  M u r e a ,  pH 3 - 0 .  The column was 
e lu t e d  w ith  a l i n e a r  g r a d ie n t  produced by 900  ml each o f  0 .1 5  M and 
0 .5  M NaCl in  J  M u r e a ,  pH 3 . 0 .  F r a c t io n s  o f  3 ml  in  10 m inutes  were  
c o l l e c t e d .  F igure  16 shows the A2eo  e l u t i o n  p r o f i l e  o f  the colum n.
The f r a c t i o n s  from th e  s i n g l e  peak were com bined, a d ju s te d  to  n e u tr a l  
pH w ith  2 M NH4OH, passed  through B io g e l  P -2  columns and e v a p o r a te d .  
This m a te r ia l  was then used fo r  the second p a r t i a l  d i g e s t i o n  w ith  Ti
FIGURE 16 - -  Rechromatography o f  peak 3 from the  f i r s t  
p a r t i a l  Ti RNase d i g e s t i o n  ( f i g u r e  1 2 )  on a pH 3 -0  DEAE- 
c e l l u l o s e  column.
The column (1 x 200 cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t  
produced w ith  900 ml each o f  0 .1 5  M and 0 .5  M NaCl in  7 M u r e a ,  
pH 3 . 0 .  F r a c t io n s  o f  3 ml in  10 m inutes w ere c o l l e c t e d .  A 
second  p a r t i a l  d i g e s t i o n  w ith  Ti RNase was conducted  on the  










RNase as  d e s c r ib e d  in  th e  n e x t  s e c t i o n .
Second P a r t i a l  Ti RNase D ig e s t io n
The second p a r t i a l  T* RNase d i g e s t i o n  was conducted  on 565 o f  the  
T89 A260 u n i t s  o f  the  m a te r ia l  in  peak 3 ( f i g u r e  1 2 )  from the f i r s t  
p a r t i a l  Ti RNase d i g e s t i o n .  S in c e  t h i s  m a te r ia l  d id  n ot  s e p a r a te  in t o  
more than one component on th e  pH 3*0 D E A E -ce llu lo se  column ( f i g u r e  1 6 ) ,  
i t  was assumed to  be a la r g e  o l i g o n u c l e o t i d e  which s t a r t e d  w ith  r e s id u e  
16 and con tin u ed  to  th e  3 ' end o f  th e  tRNA m o le c u le .  I t  was a l s o  p o s ­
s i b l e  th a t  the peak c o n ta in e d  some u n d ig e s te d  tRNA.
For th e  p a r t i a l  d i g e s t i o n ,  the 565 A26o u n i t s  o f  th e  peak 3 
( f i g u r e  1 2 )  m a te r ia l  were d i s s o l v e d  in  6 ml o f  0 .0 5  M T r i s - C l ,  pH 7-5»  
and c o o le d  in  an i c e  b a th .  Then 1 0 0 ,0 0 0  u n i t s  o f  Ti RNase (W orthing­
to n )  in  0 . 2  ml were added as  the s o l u t i o n  was s w i r l e d .  D ig e s t io n  was 
a llow ed  to  c o n t in u e  f o r  10 m inutes a t  0 ° .  T r i s - s a t u r a t e d  phenol (pH 
7 . 5 ) was then added to  s to p  th e  r e a c t io n  and e x t r a c t i o n s  were conducted  
as d e s c r ib e d  in  Methods.
The d i g e s t i o n  produ cts  r e d i s s o lv e d  in  3 ^1 o f  7 M u r e a ,  0 . 0 2  M 
T r i s - C l ,  pH 7 . 5 ,  were a p p l ie d  to  a D E A E -ce llu lo se  column (1 x 200 cm) 
which had been e q u i l i b r a t e d  a t  55° w i th  7 M u r e a ,  0 .0 2  M T r i s - C l ,  
pH 7 . 5 .  The column was e lu t e d  a t  550 w i th  a l i n e a r  g r a d ie n t  produced  
by one l i t e r  each o f  0 . 0  M and 0 .5  M NaCl in  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  
pH 7 . 5 .  F r a c t io n s  o f  3 . 2  ml in  10 m inutes  were c o l l e c t e d .  The A26o 
e l u t i o n  p r o f i l e  f o r  th e  column i s  shown in  f ig u r e  I 7 . The i d e n t i f i c a ­
t io n  o f  each o f  the o l i g o n u c l e o t i d e s  from t h i s  d i g e s t i o n  i s  d e sc r ib e d  
in  the f o l lo w in g  s e c t i o n s .
Peak z) . F igure  1 7 .  T his  peak was found to  c o n ta in  a m ixture o f
FIGURE 17 ““ D E A E -ce llu lo se  column chromatography o f  the  
p roducts  from th e  second p a r t i a l  Ti RNase d i g e s t i o n ,  which was 
conducted  on the  la r g e  o l i g o n u c l e o t i d e  (peak 3> f ig u r e  1 2 )  from 
the f i r s t  p a r t i a l  Ti RNase d i g e s t i o n .
The column (1 x 200 cm) was e lu t e d  a t  55° w ith  a l i n e a r  
g r a d ie n t  produced by 1 l i t e r  each o f  0 . 0  M and 0 .5  M NaCl in  
7 M u r e a ,  0 .0 2  M T r i s - C l ,  pH 7«5- F r a c t io n s  o f  5 ml in  10  
m inutes were c o l l e c t e d .
I d e n t i f i c a t i o n  o f  the Ti RNase products  from each o l i g o ­
n u c le o t id e  i s  d i s c u s s e d  in  the  t e x t .  Peak 5 waa found t o  con ­
t a in  th e  com p lete  Ti RNase d i g e s t i o n  prod u cts  DpCpDpApApGp and 
CpApApCpCpApCpCoH. The Ti RNase p roducts  from th e  o l i g o ­
n u c le o t id e s  in  peaks k , 5 and 6 are  g iv e n  in  f i g u r e s  1 8 ,  19 
and 20 . The o l i g o n u c l e o t i d e  in  peak 7 was in c lu d e d  in  the th ir d  







th e  com plete  Ti RNase d i g e s t i o n  products  DpCpDpApApGp and CpApApCpCp- 
ApCpCon in s te a d  o f  a s i n g l e ,  p a r t i a l l y  d ig e s t e d  o l i g o n u c l e o t i d e ,  and 
was t h e r e fo r e  o f  no use  in  the sequence d e te r m in a t io n  o f  the  tRNA.
Ti RNase D ig e s t io n  o f  Peak 4 .  F igure  1 7 . The 3 2 .k  A2 eo  u n i t s  o f  
the  peak k  o l i g o n u c l e o t i d e  from the second p a r t i a l  Ti RNase d i g e s t i o n  
w ere d ig e s t e d  w ith  50 u n i t s  ( in  10 p,l) Ti RNase (Sankyo) in  0 .5  ml 
0 .0 2  M T r i s - C l ,  pH 7«5> a t  37 ° fo r  9 1 / 2  h o u r s .  The d i g e s t i o n  mix­
tu re  was then a p p l ie d  to  a D E A E -cellu lose  column (1 x 72 cm) th a t  had 
been e q u i l i b r a t e d  w ith  J  M u r e a ,  0 .0 2  M T r i s - C l ,  pH 7- 5 .  The column 
was e l u t e d  w ith  a l i n e a r  g r a d ie n t  produced by 600 ml each o f  0 . 0  M and 
0.U M NaCl in  the same b u f f e r .  F r a c t io n s  o f  3 ml in  10 m inutes were  
c o l l e c t e d .  The A260  e l u t i o n  p r o f i l e  i s  shown in  f ig u r e  1 8 .  The Ti 
RNase d i g e s t i o n  p rodu cts  from each o f  the four peaks were i d e n t i f i e d  
as f o l l o w s .
Peak 1 from the column ( f ig u r e  1 8 )  c o n ta in e d  5 -6  A260  u n i t s  and 
was d ig e s t e d  w ith  a lk a l i n e  phosphatase  and snake venom phospho­
d i e s t e r a s e .  Chromatography in  s o lv e n t  B y ie ld e d  G (2 .0 3  A26q u n i t s ,  
O .I 78  p, m ole) and A (2 .7 2 1  A2eo  u n i t s ,  0 .1 8 1  M- m ole) i d e n t i f y i n g  the  
component o f  t h i s  peak as the d in u c le o t i d e  ApGp ( 0 .2 3  (j, m o le ) .
The m a te r ia l  in  the  second peak was t r e a t e d  w ith  a l k a l i n e  phos­
phatase  and p u r i f i e d  by chromatography in  s o lv e n t  A which gave o n ly  
one band. I t  was then  d ig e s t e d  w ith  p a n c r e a t ic  RNase and a l k a l i n e  
p h o sp h a ta se ,  fo l lo w e d  by chromatography in  s o lv e n t  B. The products  
were a n u c le o s id e  G (0 .6 0 5  A260  u n i t s ,  0 .0 5 3  ^ m ole) and a n u c le o t id e  
band which was su b se q u e n t ly  d ig e s t e d  w ith  snake venom p h o s p h o d ie s te r a s e .  
Chromatography in  s o lv e n t  B gave pU (0 .U 68 A2GO u n i t s ,  O.OVf H m ole)
FIGURE 18 - -  D E A E -ce llu lose  column chromatography o f  the  
p roducts  from the com plete  Ti RNase d i g e s t i o n  o f  th e  o l i g o n u ­
c l e o t i d e  from peak U o f  the  second  p a r t i a l  Ti RNase d i g e s t i o n
( f ig u r e  1 7 ) .
The column (1 x 72 cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t
produced by 300 ml each o f  0 . 0  M and O.U M NaCl in  7 M u r e a ,
0 . 0 2  M T r i s - C l ,  pH 7«5» F r a c t io n s  o f  3 ml  in  10 m inutes were  
c o l l e c t e d .  D eterm in a t io n  o f  the n u c le o t i d e  seq u en ces  o f  th e  
Ti RNase d i g e s t i o n  p rodu cts  i s  d i s c u s s e d  in  the t e x t .
The o l i g o n u c l e o t i d e  was found t o  be composed o f  the  
f o l lo w in g  Ti RNase p ro d u cts:
Peak 1 - -  ApGp 
Peak 2 — ApUpGp 
Peak 3 — TpYpCpGp 











and Aon ( 0 .6 5 0  A26Q u n i t s ,  0 .0 ^ 3  |x m o le ) .  The A:U:G molar r a t i o  o f  
1 . 0 : 1 . 1 : 1 . 2  in d ic a t e d  th a t  peak 2 c o n ta in e d  ApUpGp. The 7*33 A26Q 
u n i t s  o f  t h i s  t r i n u c l e o t i d e  was a p p rox im ate ly  0 .2 3  p m ole , u s in g  an 
e s t im a te d  h yp o ch ro m ic ity  o f  10^.
The t h ir d  peak c o n ta in e d  6 .9 6  A260  u n i t s  o f  an o l i g o n u c l e o t i d e  
which was f i r s t  t r e a t e d  w ith  a l k a l i n e  phosp hatase  and p u r i f i e d  by 
chromatography in  s o lv e n t  A, y i e l d i n g  a s i n g l e  band. I t  was th en  d i ­
g e s te d  w i th  p a n c r e a t ic  RNase and a l k a l i n e  ph osp h atase  and th e  p r o d u c ts ,  
which were se p a r a te d  by chromatography in  s o lv e n t  B, were i d e n t i f i e d  
as G ( 1 .6 2  A260  u n i t s ,  0 .1U  p m ole) Y ( I .O 58  A26Q u n i t s ,  0 .1 1  p m o le ) ,
C (1 .0 1 3  A260  u n i t s ,  0 .1 3  ^ m ole) and T (1.21-8 A2eo  u n i t s ,  O .H  p 
m o le ) .  The T:Y:C:G molar r a t i o  o f  1 . 0 : 0 . 8 : 0 . 9 : 1 .0  in d ic a t e d  th a t  t h i s  
Ti RNase product was the t e t r a n u c l e o t i d e  TpYpCpGp. The peak co n ta in e d  
a p p ro x im a te ly  0 .2 1  p mole o f  t h i s  t e t r a n u c l e o t i d e ,  u s in g  an e s t im a te d  
h y p o ch ro m ic ity  o f  9$ (9 6 ) .
The fo u r th  peak ( f ig u r e  1 8 )  c o n ta in e d  8 . 2U A26Q u n i t s  o f  an 
o l i g o n u c l e o t i d e  w hich was t r e a t e d  w ith  a l k a l i n e  phosphatase  and p u r i ­
f i e d  by chromatography in  s o lv e n t  A. The s i n g l e  r e s u l t i n g  band was 
d i g e s t e d  w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h osp hatase  and products  
w ere s e p a r a te d  by chromatography in  s o lv e n t  B. There was one n u c le o ­
t i d e  band and a n u c le o s id e  which was i d e n t i f i e d  a s  m5C (O.87O A2 6 q 
u n i t ,  0 .1 2  p m o le ) .  The n u c le o t i d e  band was d ig e s t e d  w ith  snake venom 
p h o s p h o d ie s t e r a s e ,  and th e  p r o d u c ts ,  which w ere s e p a ra ted  by chrom ato­
graphy in  s o lv e n t  B, were pG (1 .3 9 1  A2GO u n i t s ,  0 . 1 2  p m o le ) ,  pA ( 1 .7  ' 
A;joo u n i t s ,  0 . 1 2  p m ole) and A o h  (J. .(>09 A; )t30 u n i t s ,  0 .1 1  p m o le ) .  The 
m'C:pG:pA: A o h  molar r a t i o  o f  1 . 0 : 1 . 0 : 1 . 0 : 1 .0  in d ic a te d  th a t  peak h 
c o n ta in e d  the t e t r a n u c l e o t i d e  m5CpApApGp. There was ap p rox im ate ly
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0 . 0 2  p m ole ,  u s in g  an e s t im a te d  20$ h y p o ch ro m ic ity  ( 9 7 ) .
The o l i g o n u c l e o t i d e  in  peak 4 from th e  second p a r t i a l  Ti RNase 
d i g e s t i o n  ( f i g u r e  1 7 )  w a s ,  t h e r e f o r e ,  found to  c o n ta in  ApGp (0 .2 3  p 
m o le ) ,  ApUpGp ( 0 .2 3  p m o le ) ,  TpYpCpGp ( 0 .2 1  p m ole) and m5CpApApGp 
( 0 .2 0  p m o le ) .  The f a c t  th a t  th e s e  Ti RNase p rod u cts  were p r e s e n t  in  
equim olar amounts v e r i f i e d  th a t  the  peak co n ta in e d  a s i n g l e  o l i g o ­
n u c l e o t i d e .  Because a product o f  the com plete  p a n c r e a t ic  RNase d i ­
g e s t i o n  o f  " ren a tu ra b le"  l e u c in e  tRNA had p r e v io u s ly  been i d e n t i f i e d  
( 9 5 ) as  ApApGpApGpTp, and s in c e  the tRNA was found to  c o n ta in  o n ly  one 
r ib o th y m id in e  ( r e f .  95  and e a r l i e r  p o r t io n s  o f  t h i s  d i s s e r t a t i o n ) ,  i t  
was p o s s i b l e  to  arrange th r e e  o f  the four Ti RNase prod u cts  from the  
peak 4 o l i g o n u c l e o t i d e  in  th e  ord er:  m5CpApApGpApGpTpYpCpGp. I t  was
not a t  t h i s  p o in t  p o s s i b l e  to  t e l l  w hether the ApUpGp was on th e  5* 
or the 3 ' s id e  o f  the  d e c a n u c le o t i d e .
Ti RNase D i g e s t i o n  o f  Peak 5 .  F ig u r e  1 7 . The 384 A26Q u n i t s  o f  
the o l i g o n u c l e o t i d e  in  peak 5 from the  second p a r t i a l  Ti RNase d i ­
g e s t i o n  ( f i g u r e  I 7 ) w ere d ig e s t e d  w ith  50  u n i t s  ( in  15 p i )  o f  Ti RNase 
(Sankyo) in  0 .5  ml o f  0 . 0 2  M T r i s - C l ,  pH 7*5> a t  37° f o r  10  h o u rs .
The d i g e s t i o n  m ixture was then  made 7 M in  urea  and a p p l ie d  to  a DEAE- 
c e l l u l o s e  column (1 x 72 cm) th a t  had been e q u i l i b r a t e d  w ith  7 M u r e a ,  
0 . 0 2  M T r i s - C l ,  pH 7 *5 .  The column was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by 400 ml each o f  0 . 0  M and 0 . 4  M NaCl in  7 M u r e a ,  0 .0 2  M 
T r i s - C l ,  pH 7 . 5 .  F r a c t io n s  o f  2 .5  ml in  10 m inutes w ere c o l l e c t e d .
The A26Q e l u t i o n  p r o f i l e  fo r  the column i s  shown in  f ig u r e  I 9 .
The o l i g o n u c l e o t i d e  from peak 1 ( I 3 .6 7  A2uo u n i t s )  was d ig e s t e d  
w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h o sp h a ta se .  S e p a r a t io n  o f  the
FIGURE 19 - -  D E A E -ce llu lo se  column chromatography o f  the  
p rod u cts  from the  com p lete  Ti RNase d i g e s t i o n  o f  the  o l i g o n u ­
c l e o t i d e  from peak 5 o f  th e  second p a r t i a l  T\ RNase d i g e s t i o n
( f ig u r e  1 7 ) .
The column (1 x 72 cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t
pi educed by U00 ml each o f  0 . 0  M and 0 . 1* M NaCl in  7 M u r e a ,
0 . 0 2  M T r i s - C l ,  pH 7 . 5 .  F r a c t io n s  o f  2 .5  ml in  10 m inutes  
w ere c o l l e c t e d .  I d e n t i f i c a t i o n  o f  th e  products  o f  th e  Ti RNase 
d i g e s t i o n  i s  d i s c u s s e d  in  the t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
f o l lo w in g  Ti RNase p rod u cts:
Peak 1 - -  CpApApCpCpApCpCoH 












d i g e s t i o n  p rodu cts  by chromatography in  s o lv e n t  B r e s u l t e d  in  two 
n u c le o t id e  bands and a n u c le o s id e  th a t  was i d e n t i f i e d  as  C oh ( 4 .2 6 
A26Q u n i t s ,  O.56  (j, m o le ) .  The s low er  moving o f  the n u c le o t id e  bands 
(6 .0 2  A2eo  u n i t s )  was d ig e s t e d  w ith  snake venom p h o sp h o d ie s te r a s e  and 
the  p r o d u c ts ,  a f t e r  chromatography in  s o lv e n t  B, were found to  be pA 
(1 .9 3 4  A260  u n i t s ,  0 .1 3  p m ole) pC ( 1 .2 8 7  A2QO u n i t s ,  O .I 7 p. m ole) and 
A oh (2 .3 5 5  A260  u n i t s ,  O .I 5 p m o le ) .  The pA:pC:AoH molar r a t i o  o f  
0 . 9 :1 *1 :1*0  in d ic a t e d  th a t  the f i r s t  band was th e  t r i n u c l e o t i d e  
ApApCp. The o th e r  n u c le o t id e  band (3 .8 1  A2 6 q u n i t s )  was a l s o  d ig e s t e d  
w ith  snake venom p h o sp h o d ie s te r a s e .  Chromatography in  s o lv e n t  B 
y ie ld e d  pC ( I .3 8  A 2 6 q  u n i t s ,  0 . 1 7  p m ole) and A oh (2 .3 6 2  A2eo  u n i t s ,  
0 .1 6  p m o le ) .  The pC:AoH molar r a t i o  o f  1 . 1 : 1 . 0  in d ic a t e d  th a t  the  
second n u c le o t id e  band was the d in u c le o t i d e  ApCp.
There were ap p rox im ate ly  0 .2 0  p mole o f  ApApCp ( c a lc u l a t e d  u s in g  
18$ hypochromic i t y  (9 8 ) ) ,  O .I 7 p mole o f  ApCp ( c a l c u l a t e d  u s in g  a 5$ 
hyp och rom ic ity  (9 8 ) )  and O.56  p mole o f  Cp. These r e s u l t s  in d ic a te d  
th a t  t h i s  o l i g o n u c l e o t i d e  was th e  p r e v io u s ly  d e s c r ib e d  ( f ig u r e s  6 and 
7 )  Ti RNase product CpApApCpCpApCpCoH from the  3' end o f  the tRNA 
m o le c u le .
The o l i g o n u c l e o t i d e  from the  second peak (1 9 .6 8  A2eo  u n i t s )  o f  
f ig u r e  I 9 was d ig e s t e d  w ith  p a n c r e a t ic  RNase and a l k a l i n e  phosphatase  
and the prod u cts  were s ep a ra ted  by chromatography in  s o lv e n t  B. There  
were two n u c le o t id e  bands and two n u c le o s id e s  which were i d e n t i f i e d  as  
U o h  (2 .2 9 0  A260  u n i t s ,  0 .2 4  p  m ole) and Coh ( 1 .6 0  A26Q u n i t s ,  0 .2 1  p  
m o le ) .  The s low er  moving n u c le o t id e  (2 .9 8  A26Q u n i t s )  was d ig e s t e d  
w ith  snake venom p h o sp h o d ie s te r a s e ,  and the p r o d u c ts ,  a f t e r  s e p a r a t io n  
by chromatography in  s o lv e n t  B, were i d e n t i f i e d  as pU (o.ftoS A2GO
1U0
u n i t ,  0 .0 8 2  p, m o le ) ,  pA (1 .1 0 1  A260  u n i t s ,  0 .0 7 3  p. m ole) and A oh 
(1 .2 2 3  A260 u n i t s ,  0 .0 8 1  (j, m o le ) .  The pU:pA:AoH molar r a t i o  o f  1 . 0 :
0 . 9 .'1 .0  in d ic a te d  th a t  the s low er  moving band c o n ta in e d  the t r i n u c l e o ­
t id e  ApApUp. The o th e r  n u c le o t id e  band (2 .2 3 5  A2 eo  u n i t s )  was d ig e s t e d  
w ith  snake venom p h o s p h o d ie s te r a s e .  A f t e r  s e p a r a t io n  o f  th e  prod u cts  
by chromatography in  s o lv e n t  B, th ey  were i d e n t i f i e d  as pG (O.83I  A2(30 
u n i t ,  O.O7I  P m ole) and A oh ( I . H 9 A260  u n i t s ,  0.07*+ P- m o le ) .  The 
pG:AoH molar r a t i o  of 0 . 9 : 1 . 0  in d ic a t e d  t h a t  th e  second band c o n ta in e d  
the d in u c le o t i d e  ApGp.
There were ap p rox im ate ly  O.O87  p, mole o f  ApApUp ( c a lc u l a t e d  u s in g  
hypochromic i t y  (9 8 ) ) ,  ap p ro x im a te ly  O.O9 I  p. mole o f  ApGp, ( c a l ­
c u la te d  u s in g  7$ hypochromic i t y  ( 9 7 ) )  0.2*+ p. mole o f  U oh and 0 .2 1  p. 
mole o f  C oh in  the peak 2 ( f i g u r e  1 9 ) o l i g o n u c l e o t i d e .  T h is  gave  
ApApUp:ApGp:U:C molar r a t i o s  o f  1 .0 : 1 . 0 : 2 .8 : 2 . * + .  These r e s u l t s  i n ­
d ic a t e d  th a t  t h i s  o l i g o n u c l e o t i d e  was the p r e v io u s ly  i d e n t i f i e d  Ti 
RNase product ( f i g u r e s  6 and 8 ) ApApUpCpUpCpUpUpApGp. S in c e  9 .*+ A260 
u n i t s  o f  t h i s  o l i g o n u c l e o t i d e  y ie ld e d  ap p rox im ate ly  O.O87  p. mole o f  
com ponents, the  t o t a l  I 9 . 6O A260  u n i t s  would be ap p ro x im a te ly  eq ua l to  
0 .1 8  p, mole o f  the o l i g o n u c l e o t i d e .
There was ap p rox im ate ly  0 .2 0  p. mole o f  the o l i g o n u c l e o t i d e  from 
peak 1 ( f ig u r e  1 9 ) ,  g iv i n g  a 1 . 0 :1 .1  molar r a t i o  betw een o l i g o n u c l e o ­
t i d e s  1 and 2 .  T h is  v e r i f i e s  th a t  th e s e  two o l i g o n u c l e o t i d e s  were  
both p art  o f  a s i n g l e ,  la r g e r  o l i g o n u c l e o t i d e  from the p a r t i a l  Ti 
RNase d i g e s t i o n  and th a t  th ey  were not s im p ly  p r e s e n t  in  peak 5 as  a 
m ixture o f  two components.
S in c e  the o l i g o n u c l e o t i d e  from peak 1 ( f i g u r e  I 9 ) had been i d e n t i ­
f i e d  as th e  V  term ina l p o r t io n  o f  the tRNA m o le c u le ,  the o l i g o n u c l e o -
H i
t i d e  from peak 2 ( f i g u r e  1 9 ) had to  be a t  th e  5 ' end o f  th e  f i g u r e  I 7 , 
peak 5 o l i g o n u c l e o t i d e ,  g iv i n g  th e  seq u en ce  ApApUpCpUpCpUpUpApGpCpAp 
ApCpCpApCpCoH.
Ti RNase D ig e s t io n  o f  Peak 6 . F ig u r e  1 7 . The 57*2 A2 6 o u n i t s  o f  
the o l i g o n u c l e o t i d e  from peak 6 o f  th e  second  p a r t i a l  To. RNase d i ­
g e s t io n  ( f i g u r e  I 7 ) were d ig e s t e d  w ith  ap p ro x im a te ly  100 u n i t s  o f  Ti 
RNase in  0 .5  ml o f  0 . 0 2  M T r i s - C l ,  pH 7 * 5 ,  a t  37° f o r  8  h o u r s .  The 
d i g e s t i o n  m ixture was then  made 7 M in  urea  and a p p l ie d  to  a DEAE- 
c e l l u l o s e  column (1  x 90  cm) th a t  had been e q u i l i b r a t e d  w ith  7  M u r e a ,  
0 . 0 2  M T r i s - C l ,  pH 7 . 5 . The column was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by 600 ml each o f  0 . 0  M and O A  M NaCl in  the  same b u f f e r ,  
and 10 minute f r a c t i o n s  o f  2 .3  ml were c o l l e c t e d .  The A26Q e l u t i o n  
p r o f i l e  fo r  the column i s  shown in  f i g u r e  2 0 .
The o l i g o n u c l e o t i d e  in  peak 5 ( f i g u r e  2 0 )  was th e  f i r s t  o f  the  
Ti RNase p rod u cts  to  be exam ined . The 1 0 .5  A2 eo  u n i t s  were d ig e s t e d  
w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h o sp h a ta s e ,  and th e  p r o d u c ts ,  
a f t e r  s e p a r a t io n  by chromatography in  s o l v e n t  B, were i d e n t i f i e d  as  
ApApm1G, ApY, U, and m5C. An o l i g o n u c l e o t i d e  w ith  t h i s  c o m p o s it io n  
and w ith  th e  seq uence  ApYpUpm5CpApApm1 Gp was p r e v io u s ly  found ( f i g u r e  
1 0 )  in  the peak 1 6 ,  f ig u r e  6 , o l i g o n u c l e o t i d e .  The Tj. RNase d i g e s t i o n  
( f i g u r e  1 0 ) o f  th e  peak 1 6 , f i g u r e  6 , o l i g o n u c l e o t i d e  gave an e l u t i o n  
p a t te r n  v ery  s i m i l a r  to  th a t  o f  th e  Ti RNase d i g e s t i o n  ( f i g u r e  2 0 )  o f  
the peak 6 , f ig u r e  17  o l i g o n u c l e o t i d e ,  e x c e p t  th a t  in  f i g u r e  20 th e r e  
were f i v e  peaks in s t e a d  o f  s i x ,  w ith  peak four b e in g  h ig h e r  than peak  
f i v e .  S in c e  the o l i g o n u c l e o t i d e  from peak 6 , f ig u r e  I 7 , was not  
d ep h o sp h o ry la tcd  b e fo r e  d i g e s t i o n  w ith  Ti RNase, i t  was very  probable
FIGURE 20 — D E A E -ce llu lo se  column chromatography o f  the  
p rod u cts  from the com plete  Ti RNase d i g e s t i o n  o f  th e  o l i g o n u ­
c l e o t i d e  from peak 6 o f  the  secon d  p a r t i a l  Ti RNase d i g e s t i o n  
( f i g u r e  1 7 ) .
The column (1 x 70 cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by 300 ml each  o f  0 . 0  and 0 . 4  M NaCl in  7  M u r e a ,  
0 . 0 2  M T r i s - C l ,  pH 7 . 5 .  F r a c t io n s  o f  3 ml in  10 m inutes  were  
c o l l e c t e d .  I d e n t i f i c a t i o n  o f  th e  Ti RNase d i g e s t i o n  prod ucts  
i s  d i s c u s s e d  in  th e  t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
f o l l o w in g  Ti RNase p ro d u cts :
Peak 1 - -  CpmfGp 
Peak 2 - -  Gp 
Peak 3 — CpCpUpGp 
(Yp)













th a t  both th e  p e n ta n u c le o t id e  UpApUpCpGp (peak 3» f ig u r e  1 0 )  and the  
p e n ta n u c le o t id e  CpCpCpApGp (peak 5» f ig u r e  1 0 )  w ere c o n ta in e d  in  
peak U o f  f ig u r e  2 0 .  T h is  was found to  be the ca se  when th e  peak b 
m a te r ia l  ( 1 6 .7  A260  u n i t s )  was d ig e s t e d  w ith  p a n c r e a t ic  RNase and 
a lk a l i n e  p h o sp h a ta se .  The products  were s e p a ra ted  by chromatography  
in  s o lv e n t  B and i d e n t i f i e d  as  ApG, ApU, G, a m ixtu re  o f  C and U. In 
a d d i t io n  to  th e s e  p r o d u c ts ,  which were ex p ected  from a p a n c r e a t ic  
RNase d i g e s t i o n  o f  th e  two p e n ta n u c le o t id e s  p r e v io u s ly  m entioned ,  
th e r e  was a very  d i s t i n c t  band which was found to  c o n ta in  Y. T h is  
r e s id u e  was n o t  found in  the  CpCpCpApGp p e n ta n u c le o t id e  from th e  com­
p l e t e  Ti RNase d i g e s t i o n ,  e i t h e r  because i t  was p r e s e n t  in  very  low 
amounts or because i t  was not p r e se n t  a t  a l l .  The co rresp o n d in g  
p e n ta n u c le o t id e  from the t h ir d  p a r t i a l  Ti RNase d i g e s t i o n  w hich w i l l  
be d is c u s s e d  l a t e r  a l s o  c o n ta in ed  a Y, making th e  c o m p o s it io n  o f  t h i s  
peak Cp (Yp,Cp) ApGp.
S in c e  the peak 6 , f ig u r e  l7>  o l i g o n u c l e o t i d e  was o b v io u s ly  the  
same as the peak 16 o l i g o n u c l e o t i d e  from the com plete  Ti RNase d i ­
g e s t io n  ( f i g u r e s  6  and 1 0 ) no fu r th e r  c h a r a c t e r i z a t i o n  o f  the peaks in
f ig u r e  20 were c a r r ie d  o u t .  The sequence o f  the o l i g o n u c l e o t i d e  was
(*P)
Cpm|GpCpCpUpGpApYpUpm5CpApApm1GpCpCpCpApGp.
Peak 7 .  F igure 1 7 . The m a te r ia l  in  t h i s  peak (382 A26Q u n i t s )  
was r e d ig e s t e d  in  the t h ir d  p a r t i a l  Ti RNase d i g e s t i o n .
Third P a r t i a l  RNase D ig e s t io n
The 382 A260  u n i t s  o f  the m a te r ia l  from peak 7> f ig u r e  1 7 ,  were 
combined w ith  000 A; .(!0 u n i t s  o f  i n t a c t ,  p u r i f i e d  " ren atu rab le"  le u c in e  
tRNA in 1 . ’ ml o f  0.0'; M T r is -C l , pll The s o l u t i o n  was co o le d  to
i b h
0° in  an i c e  bath and 2 0 ,0 0 0  u n i t s  o f  Ti RNase (Sankyo) w ere added 
w ith  thorough m ix ing . D ig e s t io n  was a llow ed  to  co n t in u e  fo r  Uo m inutes  
a t  0° and was then stopped by the  a d d i t io n  o f  T r i s  ( 0 . 0 l  M, pH 7 -5 )"  
s a tu r a te d  p h en o l.  The e x t r a c t i o n s  d e s c r ib e d  in  Methods were then  
conduc t e d .
The d i g e s t i o n  p r o d u c ts ,  f r e e  o f  enzyme, w ere r e d i s s o lv e d  in  10 ml 
o f  7 M u r e a ,  0 .0 2  M T r i s - C l ,  pH 7*5 and a p p l ie d  to  a D E A E -cellu lose  
column th a t  had been e q u i l i b r a t e d  a t  55° w ith  7 M u r e a ,  0 .0 2  M T r i s -  
C l,  pH 7 - 5 .  The column was e lu t e d  a t  55° w ith  a l i n e a r  g r a d ie n t  pro­
duced by one l i t e r  each o f  0 . 0  M and 0 . 5  M NaCl in  the same b u f f e r ,  
c o l l e c t i n g  10 minute f r a c t i o n s  o f  3 ml-
The A26Q e l u t i o n  p r o f i l e  fo r  the column i s  shown in  f ig u r e  21 .
The i d e n t i f i c a t i o n  o f  each o f  th e  o l i g o n u c l e o t i d e s  r e s u l t i n g  from t h i s  
p a r t i a l  Ti RNase d i g e s t i o n  i s  d e s c r ib e d  in  the f o l lo w in g  s e c t i o n s .
Peak 5 ,  F igure  2 1 . T h is  peak , l i k e  peak 3 from the second p a r t i a l  
Ti RNase d i g e s t i o n  ( f ig u r e  17)> was found to  c o n s i s t  o f  a m ixture o f  
the com plete  Ti RNase d i g e s t i o n  products  DpCpDpApApGp and CpApApCpCp 
ApCpCo . Because i t  was not a s i n g l e ,  p a r t i a l l y  d ig e s t e d  o l i g o n u c l e o ­
t id e  c o n ta in in g  one or more in t e r n a l  Gp r e s i d u e s ,  i t  was o f  no use in  
the d e te r m in a t io n  o f  the sequ en ce  o f  the tRNA.
Ti RNase D ig e s t io n  o f  Peak 7 .  F igure 2 1 . A pproxim ately  bb A2 6 q 
u n i t s  o f  the 7 2 .5  A260  u n i t s  in  peak 7 from the th ir d  p a r t i a l  Ti RNase 
d i g e s t i o n  ( f ig u r e  2l ) were t r e a te d  w ith  20 g,g o f  a lk a l i n e  phosphatase  
(I. u.g/M.1) in  O.t- ml o f  0 .0 2  M NH4HC0u a t  57° fo r  10 h o u rs .  The d i ­
g e s t io n  m ixture was then a p p lie d  to  a D E A E -cellu lose  column ( !  x cm) 
th a t  had been e q u i l ib r a t e d  w ith  7 M u r e a ,  pH 5 - 0 .  The column was
FIGURE 21 - -  D EA E -ce l lu lo se  column chromatography o f  the  
products  o f  the t h i r d  p a r t i a l  Ti RNase d i g e s t i o n ,  which was 
conducted  on i n t a c t  " ren atu rab le"  l e u c i n e  tRNA and on the  
m a t e r i a l  from peak 7 ( f i g u r e  I 7 ) o f  th e  second p a r t i a l  Ti RNase 
d i g e s t i o n .
The column (1 x 200 cm) was e l u t e d  a t  55° w i th  a l i n e a r  
g r a d ie n t  produced w i th  one l i t e r  each o f  0 . 0  M and 0 . 5  M NaCl 
in  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  pH 7 . 5 . F r a c t io n s  o f  3 ml per 
10  minutes  were  c o l l e c t e d .
Peak 5 was found t o  c o n t a i n  two com plete  Ti RNase d i g e s ­
t i o n  p r o d u c t s .  The i d e n t i f i c a t i o n  o f  the products  produced by 
the com plete  Ti RNase d i g e s t i o n  o f  the o l i g o n u c l e o t i d e s  in  
peaks 7- I 3 i s  d i s c u s s e d  in  t h e  t e x t  and presen ted  in  f i g u r e s  






200 400 600 800FRACTION NUMBER
IhG
e l u t e d  w i th  a l i n e a r  g r a d ie n t  produced by 500 ml each o f  0 . 0  M and 
0 . 5  M NaCl i n  7 M u r e a ,  pH 3 . 0 .  F r a c t i o n s  o f  3 ml  Pe r  10 minutes  
were c o l l e c t e d .  F igure  22 shows the  A26Q e l u t i o n  p r o f i l e  o f  the  c o l ­
umn. I t  can be s e e n  t h a t  th e r e  are  s e v e r a l  peaks;  t h i s  was an unex­
pec ted  r e s u l t .  I t  can b e s t  be e x p la i n e d  by the f a c t  t h a t  th e  peak 7 
m a t e r i a l ,  b e fo r e  a l k a l i n e  p h o sp h a ta s e ,  was passed  through a B io g e l  
P-2  column t h a t  had p r e v i o u s l y  been used f o r  samples  t h a t  had been  
exposed  to  Ti RNase.  The s e v e r a l  peaks i n  f i g u r e  22 t h e r e f o r e  seem to  
be th e  r e s u l t  o f  p a r t i a l  Ti RNase d i g e s t i o n  o f  the peak 7 o l i g o n u c l e o ­
t i d e  as i t  passed  through th e  B i o g e l  P-2  column.
Peaks 2 and 5 ( f i g u r e  22 )  were d i g e s t e d  f u r t h e r  w i th  Ti RNase.  
Paper chromatography in  s o l v e n t  B gave in co m p le te  s e p a r a t i o n ,  and 
no f u r t h e r  work was conducted on t h i s  m a t e r i a l .
Peak 3 from f i g u r e  22 (5«13 A260  u n i t s )  was t r e a t e d  w i t h  1 2 . 5  
u n i t s  o f  Ti RNase (Sankyo) in  0 . 5  nil o f  0 . 0 2  M T r i s - C l ,  pH 7-5  a t  
37° fo r  6 h o u r s .  The d i g e s t i o n  produ cts  were  a p p l i e d  t o  a DEAE- 
c e l l u l o s e  column (1  x 73 cm) t h a t  had been e q u i l i b r a t e d  w i t h  7 M 
u r e a ,  0 . 0 2  M T r i s - C l ,  pH 7«5» The column was e l u t e d  w i t h  a l i n e a r  
g r a d ie n t  produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl i n  the  
same b u f f e r ,  and f r a c t i o n s  o f  3 nil in  10  minutes  were  c o l l e c t e d .
Figure  23 shows the A260  e l u t i o n  p r o f i l e  fo r  the  column.
The amount o f  m a t e r i a l  in  peak 1 ,  f i g u r e  2 3 ,  was too  s m a l l :  most 
of  the  m a t e r i a l  was l o s t  i n  the  B i o g e l  P -2  column, and th e r e  was n o t  
enough to  o b t a i n  a good UV spectrum. From the  r a t e  o f  t r a v e l  in  the
FIGURE 22 - -  D E A E -c e l lu lo se  column chromatography (a t  
pH 3 . 0 )  o f  the  products  o f  a l k a l i n e  phosphatase  d i g e s t i o n  o f  
the  o l i g o n u c l e o t i d e  from peak 7 o f  the t h i r d  p a r t i a l  Ti RNase 
d i g e s t i o n  ( f i g u r e  2 1 ) .
The column (1 x J2  cm) was e l u t e d  w i t h  a l i n e a r  g r a d ie n t  
produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl in  7 M u rea ,  
pH 3 . 0 .  F r a c t i o n s  o f  2 . 5  ml i n  10 minutes were c o l l e c t e d .  















FIGURE 23 - -  D E A E -ce l lu lose  chromatography o f  the products  
from the comple te  Ti RNase d i g e s t i o n  o f  th e  o l i g o n u c l e o t i d e  
from peak 3 o f  f i g u r e  2 2 .
The column (1 x 73 cm) was e l u t e d  w i t h  a l i n e a r  g r a d ie n t  
produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl i n  7 M u r e a ,  
0 . 0 2  M T r i s - C l ,  pH 7*5• F r a c t i o n s  o f  2 . 5  ml in  10 minutes were  
c o l l e c t e d .  D e term in a t io n  o f  the  n u c l e o t i d e  sequences  o f  each  
o f  the  products  i s  d i s c u s s e d  i n  th e  t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
f o l l o w i n g  Ti RNase p rod u cts :
Peak 1 - -  not  enough m a t e r i a l  f o r  i d e n t i f i c a t i o n
Peak 2 - -  Gp
Peak 3 UpUpUpGoH












column, i t  i s  p o s s i b l e  t h a t  the peak c o n ta in e d  a very sm al l  amount o f  
m2G ( c . f .  d i s c u s s i o n  fo r  peak 1 ,  f i g u r e  2 6 ) .  I t  i s  a l s o  l i k e l y  t h a t  
the peak co n ta in ed  a contam inant .
Peak 2 was found to c o n t a i n  1 . 6 3  A26G u n i t s  (0 .IU3 p, mole )  o f  Gp 
a f t e r  treatm ent  w i t h  p a n c r e a t i c  RNase and a l k a l i n e  phosphatase  and 
chromatography in  s o l v e n t  B y i e l d e d  on ly  G.
The 1 . 3 3  A260  u n i t s  o f  the  o l i g o n u c l e o t i d e  in  peak 3 were t r e a t e d  
w ith  p a n c r e a t i c  RNase and a l k a l i n e  p h o sp h a ta s e ,  and th e  p r o d u c t s ,  a f t e r  
s e p a r a t i o n  by chromatography in  s o l v e n t  B, were i d e n t i f i e d  as  G (0 .2 1 6  
A2GO u n i t ,  O.OI9 M> mole)  and U ( . 5 0 1  A2eo  u n i t ,  0 .0 5 2  p m o le ) .  The 
U:G molar r a t i o  o f  2 . 7 : 1 . 0  in d i c a t e d  t h a t  t h i s  peak c o n ta in e d  the  
t e t r a n u c l e o t i d e  UpUpUpGp.
The 1 . 3 0  A260  u n i t s  o f  the o l i g o n u c l e o t i d e  in  peak were t r e a t e d  
w it h  p a n c r e a t ic  RNase and a l k a l i n e  p h o sp h a ta s e ,  and th e  p r o d u c t s ,  
a f t e r  s e p a r a t io n  in  s o l v e n t  B,  were i d e n t i f i e d  as  G (0.1+02 A260  u n i t ,  
0.035 p mole)  and U (0 .655  A26Q u n i t ,  0 . 0 6 8  p m o le ) .  The U:G molar 
r a t i o  o f  1 . 9 :1 .0  i n d i c a t e d  th a t  peak k  c o n ta in e d  the  t r i n u c l e o t i d e  
UpUpGp.
The o n ly  way f o r  the t e t r a n u c l e o t i d e  UpUpUpGp to  t r a v e l  f a s t e r  in  
the DEAE-ce l lu lose  column than the t r i n u c l e o t i d e  UpUpGp would be for  
the t e t r a n u c l e o t i d e  to  have no 3' t erm ina l  phosphate group. S in c e  the  
Ti RNase d i g e s t i o n  was conducted  on the dephosphory la ted  o l i g o n u c l e o ­
t i d e  from peak 7 > f i g u r e  2 2 , the  n u c l e o t i d e  a t  the 3 ' end o f  the  
o l i g o n u c l e o t i d e  would be ex p ec te d  t o  be w i th o u t  a 3 ' phosphate group.  
The t e t r a n u c l e o t i d e  UpUpUpG w as ,  t h e r e f o r e ,  from the 3' end o f  the  
o l i g o n u c l e o t i d e  which a l s o  c o n ta in e d  UpUpGp and Gp. I t  was not p o s ­
s i b l e  a t  t h i s  t ime to  determine e x a c t l y  how many Gp r e s i d u e s  were in
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the o l i g o n u c l e o t i d e ,  due to  the  f a c t  t h a t  the  molar r a t i o s  between  
the components were not  too  r e l i a b l e  because o f  the sm al l  q u a n t i t i e s  
o f  m a te r ia l  in v o l v e d .
The remaining  2 8 .5  A260  u n i t s  o f  the  non-deph osp hory la ted  o l i g o ­
n u c l e o t i d e  from peak 7 ,  f i g u r e  2 1 ,  were  d i g e s t e d  w i t h  Ti RNase (50 
u n i t s ,  Sankyo) in  0 . 5  ml o f  0 . 0 2  M T r i s - C l ,  pH 7-5» 37° f ° r 0
h o u rs .  The d i g e s t i o n  mixture  was a p p l i e d  to  a D E A E -ce l lu lose  column 
(1 x 73 cm) t h a t  had been e q u i l i b r a t e d  w i t h  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  
pH 7 . 5 .  The column was e l u t e d  w i t h  a l i n e a r  g r a d ie n t  produced by 
500 ml each o f  0 . 0  M and 0 . 5  M NaCl i n  the  same b u f f e r ,  and 10 minutes  
f r a c t i o n s  o f  2 ml were c o l l e c t e d .  The A26Q e l u t i o n  p r o f i l e  for  the  
column i s  shown in  f i g u r e  2 b . The i d e n t i f i c a t i o n  o f  the Ti RNase 
products  in  each o f  the peaks i s  d e s c r ib e d  in  th e  remainder o f  t h i s  
s e c t i o n .
The f i r s t  peak in  f i g u r e  2b c o n ta in e d  a n u c l e o t i d e  th a t  was 
i d e n t i f i e d  by i t s  UV s p e c t r a  as  m2Gp. There were  2 . 0 2  A2 6 q u n i t s ,  
or ap prox im ate ly  0 . 1 7 7  b mole o f  m2Gp.
Peak 2 co n ta in e d  ap p rox im ate ly  2 .b  A2 6 q u n i t s  ( 0 .2 1 1  p mole)  o f
Gp *
The th ir d  peak was a contaminant  and was not c h a r a c t e r i z e d .
The b . 6 j  A260  u n i t s  o f  the o l i g o n u c l e o t i d e  in  peak b were d i g e s t e d  
w ith  p a n c r e a t i c  RNase and a l k a l i n e  p h o sp h a ta s e .  The p r o d u c t s ,  a f t e r  
s e p a r a t i o n  by chromatography in  s o l v e n t  B,  were i d e n t i f i e d  as G ( I .63  
Apt-o u n i t s ,  O . l b j  M- mole )  and U (2.75*+ A2GO u n i t s ,  .286 p m o le ) .  The 
U:G molar r a t i o  o f  2 . 0 : 1 . 0  i d e n t i f i e d  t h i s  t r i n u c l e o t i d e  as UpUpGp. 
There was approx im ate ly  0.1V> p mole o f  UpUpGp, c a l c u l a t e d  u s in g  a 
hypochromic i t y  of  U'f, ("7 ).
FIGURE 2k - -  D E A E -ce l lu lo se  column chromatography o f  the  
products  o f  comple te  Ti RNase d i g e s t i o n  o f  th e  o l i g o n u c l e o t i d e  
from peak 7 o f  the  t h i r d  p a r t i a l  Ti RNase d i g e s t i o n  ( f i g u r e  2 1 ) .
The column (1 x 75 cm) was e l u t e d  w i th  a l i n e a r  g r a d ie n t  
produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl i n  7  M u r e a ,
0 . 0 2  M T r i s - C l ,  pH 7*5 .  F r a c t i o n s  o f  2 ml i n  10  minutes  were  
c o l l e c t e d .  D e term in a t io n  o f  the n u c l e o t i d e  seq u en ces  o f  the  
Tjl RNase products  i s  d i s c u s s e d  i n  d e t a i l  in  the  t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed of  the  
f o l l o w i n g  Ti RNase p rod u cts :
Peak 1 - -  m§Gp 
Peak 2 - -  Gp
Peak 5 ““ not c h a r a c t e r i z e d
Peak U - -  UpUpGp
Peak 5 — pGp
Peak 6 - -  UpUpUpGp











The f i f t h  peak c o n ta in e d  1 . 7 9 8  A26 q u n i t s  ( 0 . 1 5 7  M. mole)  o f  G. 
Because o f  i t s  t r a v e l  r a t e  i n  the  column, the  m on ou c leo t ide  had t o  be 
pGp, the  5'  t erm in a l  r e s i d u e  o f  the  tRNA.
The 7 . 1 2  A260  u n i t s  o f  the  o l i g o n u c l e o t i d e  in  peak 6 were d i ­
g e s t e d  w i th  p a n c r e a t i c  RNase and a l k a l i n e  p h osp h atase .  The products  
were sep ara ted  by chromatography i n  s o l v e n t  B and i d e n t i f i e d  as  G
( 1 .6 5 0  A2,.0 u n i t s ,  0 .1 ^ 5  p, mole )  and U (U.161 A2GO u n i t s ,  O.U33 (x
m o le ) .  The U:G molar r a t i o  o f  2 . 9 8 : 1 . 0 0  i n d i c a t e d  t h a t  t h i s  Ti RNase 
product  was UpUpUpGp. There was O . I 85 |x mole o f  t h i s  t e t r a n u c l e o t i d e ,  
c a l c u l a t e d  u s in g  a 7$ h y p o ch ro m ic i ty  (9 7 ) .
Peak 7 probably  c o n ta in e d  u n d i g e s t e d  m a t e r i a l  and was not  
c h a r a c t e r i z e d .
The o l i g o n u c l e o t i d e  from peak 7 ,  f i g u r e  2 1 ,  t h e r e f o r e ,  c o n ta in e d  
m2Gp, Gp, UpUpGp, pGp, and UpUpUpGp i n  molar r a t i o s  o f  1 . 1 : 1 . 3 : 1 . 0 :  
1 . 0 : 1 . 2 .  From the in fo r m a t io n  o b ta in e d  about the o l i g o n u c l e o t i d e ,  i t  
was p o s s i b l e  t o  deduce i t s  s eq u en ce:  The m2Gp r e s i d u e  was o b v io u s ly
a t  the 3' end o f  the o l i g o n u c l e o t i d e  from peak 7» f i g u r e  2 1 ,  because  
t h i s  o l i g o n u c l e o t i d e  was o n ly  one r e s i d u e  lo n g er  than the peak 3 , 
f i g u r e  22 ,  o l i g o n u c l e o t i d e  which had the  same c o m p o s i t io n  e x c e p t  th at
i t  c o n ta in e d  no m2Gp. The Ti RNase d i g e s t i o n  o f  the peak 3 f i g u r e  22
o l i g o n u c l e o t i d e  i n d i c a t e d  t h a t  the t e t r a n u c l e o t i d e  UpUpUpGp was a t  the  
3' end o f  th a t  o l i g o n u c l e o t i d e ,  which d id  not c o n t a i n  m2Gp. The t r i ­
n u c l e o t i d e  pGpGUp had been i d e n t i f i e d  from the com plete  p a n c r e a t i c  
RNase d i g e s t i o n  o f  the i n t a c t  " r e n a t u r a b le ” l e u c i n e  tRNA ( 9 5 )  and 
Table  IV ) ,  as the 5'  end o f  the tRNA. The sequence  of  the 5 1 t erm ina l  
o l i g o n u c l e o t i d e  in  peak 7 ,  f i g u r e  2 1 ,  was t h e r e f o r e  pGpGpUpUpGpUpUpUp 
Gpm-’Gp.
Ti RNase D i g e s t i o n  o f  Peak 8 . F igure  2 1 . The 3 1 . 1  A2eo  u n i t s  o f  
the o l i g o n u c l e o t i d e  i n  peak 8 from the t h i r d  p a r t i a l  Ti RNase d i g e s ­
t i o n  ( f i g u r e  21 )  were d i g e s t e d  w i t h  75 u n i t s  ( i n  15 | i l )  o f  T* RNase in  
0 . 5  ml o f  0 . 0 2  M T r i s - C l ,  pH 7 - 5 ,  a t  37° l o t  6 1 / 2  hou rs .  The d i g e s ­
t i o n  mixture  was a p p l i e d  to  a D E A E -ce l lu lo se  column (1 x JO cm) t h a t  
had been e q u i l i b r a t e d  w i th  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  7 . 5 . The column 
was e l u t e d  w i th  a l i n e a r  g r a d ie n t  produced by 500 ml each o f  0 . 0  M 
and 0 .5  M NaCl in  the same b u f f e r .  F r a c t i o n s  o f  2 . 5  nil i n  10 minutes  
were c o l l e c t e d .
The A260  e l u t i o n  p r o f i l e  f o r  the column i s  shown in  f i g u r e  25 .  I t  
can be seen  t h a t  t h i s  e l u t i o n  p a t t e r n ,  in  terms o f  d i s t a n c e  a lon g  th e  
g r a d ie n t  and r e l a t i v e  s p a c in g  and h e i g h t s  o f  the two p ea k s ,  i s  very  
s i m i l a r  to  the  e l u t i o n  p a t t e r n  fo r  the  Ti RNase d i g e s t i o n  o f  peak 5 
f i g u r e  I 7 th a t  i s  shown in  f i g u r e  I 9 . T h is  i n d i c a t e d  t h a t  the  
o l i g o n u c l e o t i d e  in  peak 5 from the second p a r t i a l  Ti  RNase d i g e s t i o n  
was the same as the  o l i g o n u c l e o t i d e  in  peak 8 from the  t h i r d  p a r t i a l  
Ti RNase d i g e s t i o n ,  both h av in g  the sequence  ApApUpCpUpCpUpUpApGpCp 
ApApCpCpApCpCoH.
The Ti RNase product  in  peak 1 o f  f i g u r e  25 s h o u l d ,  t h e r e f o r e ,  
have been CpApApCpCpApCpCoH. The 7*6 A260  u n i t s  o f  the o l i g o n u c l e o ­
t i d e  were d i g e s t e d  w i th  p a n c r e a t i c  RNase and a l k a l i n e  p h osp h atase .
The products  were s ep a ra ted  by chromatography in  s o l v e n t  B and the  
t r i n u c l e o t i d e  ApApC was i d e n t i f i e d .  This  conf irmed t h a t  the o l i g o ­
n u c l e o t i d e  was indeed CpApApCpCpApCpCoH , because  the ApApCoH occurred  
a t  no o th e r  p lace  in  the tRNA m o l e c u l e ,  and the  v e r i f i c a t i o n  o f  t h i s  
p r e d ic te d  sequence i n d i c a t e d  th a t  the p r e v i o u s l y  g iv e n  sequence  for  
the p a r t i a l  Ti RNase o l i g o n u c l e o t i d e  product was c o r r e c t .
FIGURE 25 - -  D E A E -ce l lu lose  column chromatography o f  the  
prod u cts  from the comple te  Ti RNase d i g e s t i o n  o f  the  o l i g o n u ­
c l e o t i d e  from peak 8 o f  the  th i r d  p a r t i a l  Ti RNase d i g e s t i o n  
( f i g u r e  2 1 ) .
The column (1 x 70 cm) was e l u t e d  w i t h  a l i n e a r  g r a d ie n t  
produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl in  7 M u r e a ,  
0 . 0 2  M T r i s - C l ,  pH 7 . 5 .  F r a c t i o n s  o f  2 . 5  ml i n  10 minutes  were  
c o l l e c t e d .  I d e n t i f i c a t i o n  o f  the Ti RNase d i g e s t i o n  products  
i s  d i s c u s s e d  in  the t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
f o l l o w i n g  Ti RNase p rod ucts :
Peak 1 - -  CpApApCpCpApCpCoH 















Ti RNase D i g e s t i o n  o f  Peak 9 ,  F igure  2 1 . A pproximately  59 Anli0 
u n i t s  ( o f  the t o t a l  123 A2 6 O u n i t s )  o f  th e  o l i g o n u c l e o t i d e  in  peak 9 
from the t h i r d  p a r t i a l  Ti RNase d i g e s t i o n  ( f i g u r e  2 1 )  were t r e a t e d  
w ith  10 (0,1 o f  a l k a l i n e  phosphatase  (1 (j,g/pl) in  0 . 5  ml o f  0 . 0 2  M 
NH4HCO3 a t  37° 7 h o u rs .  The d i g e s t i o n  mixture  was then a p p l i e d  to
a DEAE-ce l lu lose  column (1 x 72 cm) th a t  had been e q u i l i b r a t e d  w ith  
7 M u r e a ,  pH 3*0 .  The column was e l u t e d  w i th  a l i n e a r  g r a d ie n t  pro­
duced by 500 ml each o f  0 . 0  M to  0 . 5  M NaCl in  7 M u r e a ,  pH 3 . 0 .
F r a c t i o n s  o f  2 ml per 10 minutes  were c o l l e c t e d .
The A200  e l u t i o n  p r o f i l e  f o r  the column i s  shown i n  f i g u r e  26 .
The peak f r a c t i o n s  were combined,  a d ju s t e d  to  n e u t r a l  pH w ith  2 M
NH4OH and passed through a B i o g e l  P-2  column for  removal o f  urea and 
s a l t .
The 2 2 .6  A2 go u n i t s  in the peak from f i g u r e  26 were d i g e s t e d  w ith  
50 u n i t s  ( i n  10 p.1) o f  Ti RNase (Sankyo) in  0 . 5  ml o f  0 . 0 2  M T r i s - C l ,  
pH 7 . 5 ,  a t  37° f ° r 6 1 / 2  h o u r s .  The d i g e s t i o n  mixture  was then a p p l i e d  
to  a DEAE-ce l lu lose  column (1 x 72 cm) t h a t  had been e q u i l i b r a t e d  w i th  
7 M u r e a ,  0 . 0 2  M T r i c - C l ,  pH 7 -5 •  The column was e l u t e d  w i t h  a l i n e a r
g r a d ie n t  produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl in  the  same
b u f f e r .  F r a c t io n s  o f  3 ml per 10 minutes  were c o l l e c t e d .
The A^oo e l u t i o n  p r o f i l e  fo r  the column i s  shown i n  f i g u r e  2 7 . I t
can be seen  t h a t  t h i s  e l u t i o n  p r o f i l e  i s  i d e n t i c a l  to  t h a t  shown in
f ig u r e  10 for  the s e p a r a t i o n  o f  the Tx RNase d i g e s t i o n  products  o f  the  
o l i g o n u c l e o t i d e  in peak 16 ( f i g u r e  6 ) from the comple te  Ti RNase d i ­
g e s t i o n  of  the i n t a c t  " ren atu rab le"  l e u c i n e  tRNA.
The o l i g o n u c l e o t i d e  from peak 9 ,  f i g u r e  91 ,  w as ,  t h e r e f o r e ,  con­
cluded to  be the same as the o l i g o n u c l e o t i d e  from peak 1.6 , f i g u r e  6 ,
FIGURE 26 - -  P u r i f i c a t i o n  o f  the product  o f  a l k a l i n e  phos­
phatase  d i g e s t i o n  o f  th e  o l i g o n u c l e o t i d e  from peak 9 o f  the  
t h i r d  p a r t i a l  Ti RNase d i g e s t i o n  ( f i g u r e  2 1 ) .
The D EA E -ce l lu lo se  column (1 x J2  cm) was e l u t e d  w i th  a 
l i n e a r  g r a d i e n t  produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl 
in  7 M u r e a ,  pH 3 . 0 -  F r a c t i o n s  o f  2 ml per 10 minutes were  












FIGURE 2J  - -  D E A E -ce l lu lose  column chromatography o f  the  
products  o f  the complete  Ti RNase d i g e s t i o n  o f  the 3 '  dephos-  
p h o r y la te d  o l i g o n u c l e o t i d e  ( f i g u r e  2 6 ) from peak 9 ° f  the t h i r d  
p a r t i a l  Ti RNase d i g e s t i o n  ( f i g u r e  2 1 ) .
The column (1 x 72 cm) was e l u t e d  w i th  a l i n e a r  g r a d ie n t  
produced by ',00 ml each o f  0 . 0  M and 0 . 5  M NaCl in  7 M u r e a ,  
0 .0 2  M T r i s - C l ,  pH 7 -5 -  F r a c t io n s  o f  3 ml per 10 minutes were  
c o l l e c t e d .  I d e n t i f i c a t i o n  o f  the Ti RNase products  i s  d i s ­
cu s se d  in  the t e x t .  The o l i g o n u c l e o t i d e  was found to  c o n t a i n  
















having  the sequence  ApYpUpm^CpApApm GpCpCpCpApGp. To co n f irm  t h i s  
c o n c l u s i o n ,  the m a t e r i a l  in  peak 5 ( f i g u r e  2 7 ) was d i g e s t e d  w i t h  pan­
c r e a t i c  RNase and a l k a l i n e  p h o sp h a ta s e ,  and the products  were  s e p a ­
ra ted  by chromatography in  s o l v e n t  B. Peak 5 would be e x p e c te d  t o
c o n t a i n  the p e n t a n u c l e o t i d e  CpCpCpApGp (or CpYpCpApGp). The p a n c r e a t i c  
RNase d i g e s t i o n  products  were i d e n t i f i e d  as  C o h ,  Yo h  and ApG, con ­
f irm in g  the i d e n t i t y  o f  t h i s  peak and thereb y  the i d e n t i t y  o f  the  
peak 9> f i g u r e  21 ,  o l i g o n u c l e o t i d e .  The o th e r  peaks in  f i g u r e  27  
were not c h a r a c t e r i z e d  but were assumed to  have the same co m p o s i t io n
as the corr esp on d in g  peaks from f i g u r e  1 0 .
Peak 1 0 .  F igure  2 1 . A pproximately  50 A260  u n i t s  (from a t o t a l  o f  
76 A260  u n i t s )  o f  the m a t e r i a l  from peak 10 o f  the t h i r d  p a r t i a l  Ti  
RNase d i g e s t i o n  were d i g e s t e d  w i th  a l k a l i n e  p h osp h a ta s e .  S e p a r a t io n  
o f  the products  by a pH 3 . 0  D EA E -ce l lu lo se  column gave s i x  incom­
p l e t e l y  s ep ara ted  peaks (A260  p a t t e r n  not shown).  P a r t i a l  d eg r a d a t io n  
had e v i d e n t l y  occurred in  the  B io g e l  P-2  column as  in  peak 7 f i g u r e  
2 2 , but the amount o f  m a t e r i a l  in  each peak was r a t h e r  low fo r  fu r t h e r  
c h a r a c t e r i z a t i o n .
The remainder o f  the peak 10 m a te r i a l  was then  d i g e s t e d  w i th  Ti 
RNase. S e p a r a t io n  o f  the products  on a D EA E-ce l lu lose  column, pH 7-5*  
gave more than ten  peaks .  This i n d i c a t e d  t h a t  peak 10 c o n ta in e d  a 
mixture  o f  two or more o l i g o n u c l e o t i d e s ,  s i n c e  t h a t  many Ti RNase 
products  would not  be e x p e c te d  from an o l i g o n u c l e o t i d e  t h a t  t r a v e l e d  
f a s t e r  on the  D EA E-ce l lu lose  column than an o l i g o n u c l e o t i d e  c o n t a i n i n g  
I r e s id u e s  (peak I I ,  f i g u r e  2 2 ) .  No fu r th e r  work was conducted  on 
tlu- peak 10 m a t e r i a l .
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Ti RNase D i g e s t i o n  o f  Peak 1 1 .  F igure  2 1 . The 35*3 A26Q u n i t s  
of  the m a t e r i a l  in  peak 15 from the  t h i r d  p a r t i a l  Ti RNase d i g e s t i o n  
( f i g u r e  2 1 ) were d i g e s t e d  w i t h  20 p,l o f  a l k a l i n e  phosphatase  (1  ( i g / p l )  
in  0 . 5  ml o f  0 . 0 2  M NH4HCO3 a t  37° f ° r 8 1 / 2  h ou rs .  The d i g e s t i o n  
mixture  was a p p l ie d  to a D E A E -ce l lu lose  column (1 x 73 cm) t h a t  had 
been e q u i l i b r a t e d  w i th  7 M u r e a ,  pH 3 . 1 .  The column was e l u t e d  w i th  
a l i n e a r  g r a d ie n t  produced by ^00  ml each o f  0 . 0  M and 0 . 5  M NaCl in  
7 M u r e a ,  pH 3 . 1 .  F r a c t io n s  o f  3 ml i n 10 minutes were c o l l e c t e d .
The A260  e l u t i o n  p a t t e r n  f o r  the  column i s  shown i n  f i g u r e  2 8 .
The f r a c t i o n s  from the peaks were combined,  a d ju s te d  t o  n e u t r a l  pH and 
passed through B io g e l  P-2 columns fo r  urea and s a l t  removal .
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The 12.15 A2(;0 u n i t s  o f  the  o l i g o n u c l e o t i d e  from peak 1 o f  f i g u r e  
28 were d i g e s t e d  w i th  25 u n i t s  ( i n  5 M.1) o f  Ti RNase (Sankyo) in  0 . 5  ml 
o f  0.02 M T r i s - C l ,  pH 7*5» a t  37° f o r  6 h o u r s .  The d i g e s t i o n  mixture  
was then a p p l ie d  to  a D EA E-ce l lu lose  column (1 x 72 cm) t h a t  had been  
e q u i l i b r a t e d  w i th  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  pH 7 - 5 .  The column was 
e l u t e d  w i th  a l i n e a r  g r a d ie n t  produced by 500 ml each o f  0 . 0  M and 
0.5 M NaCl in  the same b u f f e r ,  c o l l e c t i n g  10 minute f r a c t i o n s  o f  
2.5 ml. The A26Q e l u t i o n  p r o f i l e  o f  the column i s  shewn in  f i g u r e  2 9 . 
I d e n t i f i c a t i o n  o f  the Ti RNase products  in  each o f  the peaks i s  d i s ­
cu sse d  i n  the remainder o f  t h i s  s e c t i o n .
The f i r s t  peak from th e  column con ta in ed  I . I 9 A2eo  u n i t s ,  which  
were d i g e s t e d  w i th  snake venom p h o s p h o d ie s t e r a s e  and a l k a l i n e  phospha­
t a s e .  The p r o d u c t s ,  a f t e r  s e p a r a t i o n  by chromatography in  s o l v e n t  B,  
were i d e n t i f i e d  as G o h  ( 0 .2 1 8  A2o0  u n i t ,  0 . 0 1 9  p mole)  and A oh  (O.lQ^i 
A2 ,.,0 u n i t ,  O.OL-i i m o le ) .  This  peak,  t h e r e f o r e ,  c o n ta in e d  the d i ­
n u c l e o t i d e  A p G p .
FIGURE 28 — D EA E-ce l lu lose  column chromatography ( a t  pH 
3 .0 ) o f  the products  from the  a l k a l i n e  phosphatase  d i g e s t i o n  o f  
the o l i g o n u c l e o t i d e  from peak 11 o f  the t h i r d  p a r t i a l  Ti  RNase 
d i g e s t i o n  ( f i g u r e  2 1 ) .
The column (I x 73 cm) was e l u t e d  w i t h  a l i n e a r  g r a d ie n t  
produced by ‘ 00 ml each o f  0 . 0  M and 0 . ‘> M NaCl in  7 M u r e a ,  














FIGURE 29 - -  D E A E -ce l lu lo se  column chromatography o f  the  
p rod u cts  from the com p le te  Ti RNase d i g e s t i o n  o f  the 3' dephos-  
p h o r y la te d  o l i g o n u c l e o t i d e  from Peak 1 o f  f i g u r e  28 .
The column (1 x 72 cm) was e l u t e d  w i t h  a l i n e a r  g r a d ie n t  
o f  300 ml each o f  0 . 0  to  0 . 5  M NaCl in  7 H u r e a ,  0 . 0 2  M T r i s - C l ,  
pH 7 . 5 . F r a c t i o n s  o f  2 . 5  ml in  10 minutes  were c o l l e c t e d .  
D e t a i l s  o f  the  i d e n t i f i c a t i o n  o f  the Ti RNase products  are  
d i s c u s s e d  in  th e  t e x t .
The o l i g o n u c l e o t i d e  was found t o  be composed o f  the  
f o l l o w i n g  Ti RNase p rod u cts :
Peak 1 - -  ApGp
Peak 2 - -  ApUpGp
Peak 3 TpYpCpGp
Peak U - -  mbCpApApGp
Peak 5 CpApApCpCpApCpCoH






Peak 2 c o n ta in e d  1 . 2 1  A260  u n i t s  o f  an o l i g o n u c l e o t i d e  which was 
d i g e s t e d  w i t h  p a n c r e a t i c  RNase and a l k a l i n e  ph osp hatase .  The products  
were s ep a ra ted  by chromatography in  s o l v e n t  B, which r e s u l t e d  in  a 
n u c l e o t i d e  band and a n u c l e o s i d e  band which was found to  c o n t a i n  Goh  
0 . 2 6 6  A260  u n i t ,  0 . 0 2 3  p m o le ) .  The 0 .7 ^ 9  A26Q u n i t  o f  the  n u c l e o t i d e  
band was d i g e s t e d  w i th  snake venom p h o s p h o d ie s t e r a s e  and the p r o d u c t s ,  
a f t e r  chromatography in  s o l v e n t  B, were  found to  be pU ( 0 .2 6 2  A2 6 o 
u n i t ,  0 . 0 2 6  p  mole) and A oh  (0 .2 ^ 2  A26o u n i t ,  0 . 0 1 6  p  m o le ) .  Peak 2 
t h e r e f o r e  c o n ta in e d  ApUpGp.
The 1 . 3 1  A2 o q u n i t s  o f  the  o l i g o n u c l e o t i d e  in  peak 3 o f  f i g u r e  29 
were d i g e s t e d  w i t h  p a n c r e a t i c  RNase and a l k a l i n e  ph osp h atase .  A f t e r  
s e p a r a t io n  by chromatography in  s o l v e n t  B, th e r e  were four n u c l e o s i d e  
bands which were i d e n t i f i e d  as G o h , yon , C oh  and Ton , i n d i c a t i n g  th a t  
t h i s  peak co n ta in ed  the  t e t r a n u c l e o t i d e  TpYpCpGp.
The fo u r th  peak c o n ta in e d  I .83  A26q u n i t s  o f  an o l i g o n u c l e o t i d e  
which was d i g e s t e d  w ith  p a n c r e a t i c  RNase and a l k a l i n e  phosphatase .  
S e p a r a t io n  o f  the  products  in  s o l v e n t  B gave a n u c l e o s i d e  band which  
was i d e n t i f i e d  as m5C ( 0 .2 8 7  A2eo  u n i t ,  O.Ol+O p mole )  and a n u c l e o t i d e  
band which was fu r t h e r  d i g e s t e d  by snake venom p h o s p h o d i e s t e r a s e .  The 
products  were i d e n t i f i e d  as pG ( 0 .2 6 8  A26Q u n i t ,  0 . 0 2 3  M- m o le ) ,  pA 
(0 .3 9 2  A260  u n i t ,  0 . 0 2 6  p mole)  and A oh  ( 0 .3 2 6  A26Q u n i t ,  0 . 0 2 2  p 
m ole) .  These r e s u l t s  i n d i c a t e d  t h a t  peak U c o n ta in e d  the t e t r a n u c l e o ­
t i d e  mbCpApApGp.
The 2 . 0 2  A2go u n i t s  o f  the o l i g o n u c l e o t i d e  in  peak 3 were d i g e s ­
ted w i th  p a n c r e a t ic  RNase and a l k a l i n e  p h osp h atase .  Chromatography 
in  s o l v e n t  B gave a n u c l e o s i d e  band which was found to  c o n t a i n  C o h  
( O . 3 7 0  A2uQ u n i t ,  0 . 0 U 9  p mole)  and two n u c l e o t i d e  bands.  A f t e r
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d i g e s t i o n  o f  the s low er  moving n u c l e o t i d e  band w i t h  snake venom phos­
p h o d i e s t e r a s e  and chromatography in  s o l v e n t  B, i t  was found t o  con ­
t a i n  pC ( 0 .1 9 3  A260  u n i t ,  0 . 0 2 5  P m o l e ) ,  pA ( 0 . 2 J 0  A2QO u n i t ,  0 . 0 1 8  
p mole)  and A o h  (0 .28^  A260 u n i t ,  0 . 0 1 9  p  m o le ) .  Th is  n u c l e o t i d e  band 
w as ,  t h e r e f o r e ,  ApApCp. The o t h e r  n u c l e o t i d e  band, a f t e r  snake venom 
p h o sp h o d ie s t e r a s e  d i g e s t i o n  and chromatography in  s o l v e n t  B,  was found 
t o  c o n t a i n  pC (0.12U A2eo  u n i t ,  O .O l f  p  mole)  and A o h  ( O .I38 A 2 6 0  u n i t ,  
0 . 0 0 9  p m o le ) ,  i d e n t i f y i n g  i t  as the  d i n u c l e o t i d e  ApCp. The peak 5 
o l i g o n u c l e o t i d e  was t h e r e f o r e  the  p r e v i o u s l y  i d e n t i f i e d  ( f i g u r e  7 ) 
o c t a n u c l e o t i d e  from the 3'  end o f  the tRNA: CpApApCpCpApCpCoH.
Peak 6 ( f i g u r e  2 9 ) c o n ta in e d  3-1^ A2eo  u n i t s  o f  an o l i g o n u c l e o ­
t i d e  t h a t  gave two n u c l e o t i d e  bands and two n u c l e o s i d e  bands a f t e r  d i ­
g e s t i o n  w i th  p a n c r e a t i c  RNase and a l k a l i n e  p h o sp h a ta s e ,  f o l l o w e d  by 
chromatography in  s o l v e n t  B. The s low er  moving n u c l e o s i d e  was U o h  
(0 .6 2 2  A260  u n i t ,  O.O65  p. mole)  and the o th e r  one was C o h  (0 .2 8 0  A2 6 q 
u n i t ,  0 . 0 3 7  P m o le ) .  The s low er  moving n u c l e o t i d e  band was d i g e s t e d  
w ith  snake venom p h o s p h o d i e s t e r a s e .  A f t e r  chromatography in  s o l v e n t  
B, the products  were i d e n t i f i e d  a s  pU ( 0 .2 9 5  A2 6 q u n i t ,  0 . 0 3 0  p m o le ) ,  
pA (0 .3 9 0  A260  u n i t ,  0 . 0 2 6  p. mole)  and A o h  (0 .33^  A26Q u n i t ,  0 . 0 2 2  p. 
m o le ) ,  i n d i c a t i n g  t h a t  t h i s  band c o n ta in e d  the  t r i n u c l e o t i d e  ApApUp.
The o th er  n u c l e o t i d e  band, a f t e r  snake venom p h o s p h o d ie s t e r a s e  d i g e s ­
t i o n  and chromatography in  s o l v e n t  B,  y i e l d e d  the  products  pG (0.27*+ 
A260  u n i t ,  0 . 02U p mole)  and A o h  (O.32I  A26Q u n i t ,  0 . 0 2 1  p m o le ) ,  i n ­
d i c a t i n g  th a t  i t  c o n ta in e d  the d i n u c l e o t i d e  ApGp. These r e s u l t s  i n ­
d i c a t e d  th a t  peak 6 , f i g u r e  2 9 , c o n ta in e d  the p r e v i o u s l y  i d e n t i f i e d  
( f i g u r e  8 ) d e c a n u c l e o t i d e  ApApUpCpUpCpUpUpApGp.
The o l i g o n u c l e o t i d e  from peak 11 o f  the t h i r d  p a r t i a l  Ti RNase
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d i g e s t i o n  ( f i g u r e  2 1 )  t h e r e f o r e  c o n ta in e d  ApGp, ApUpGp, TpYpCpGp, 
nr’CpApApGp, CpApApCpCpApCpCo and ApApUpCpUpCpUpUpApGp in  a p p r o x i ­
mate ly  equimolar amounts.  (There was ap p rox im ate ly  0 . 0 2  p, mole o f  each  
o f  the  components . )
I t  had a lr e a d y  been e s t a b l i s h e d  (from the  i d e n t i f i c a t i o n  o f  the
o l i g o n u c l e o t i d e s  whose Ti RNase products  are g ive n  in  f i g u r e s  19 and
2 5 ) th a t  the Ti RNase products  found in  peak 5 and 6 comprised the  
o l i g o n u c l e o t i d e  a t  the 3'  end o f  the tRNA: ApApUpCpUpCpUpUpApGpCpAp
ApCpCpApCpCcH ; and from the  p a n c r e a t i c  RNase fragment ApApGpApGpTp 
from the  complete d i g e s t i o n  o f  the i n t a c t  tRNA ( r e f .  10 and Table  IV) 
i t  was known th a t  the Ti RNase products  from peaks 1 ,  3 and 1+ of  
f i g u r e  29 f i t  t o g e t h e r  i n  the sequence  m5CpApApGpApGpTpYpCpGp. I t  was 
n ot  p o s s i b l e  from the in fo r m a t io n  ob ta in ed  thus  f a r  to  determine  i f  
the  ApUpGp was l o c a te d  to  the 5' or the 3'  s i d e  o f  the  TYCG-containing  
o l i g o n u c l e o t i d e ,  so th a t  the  t o t a l  sequence  o f  the  o l i g o n u c l e o t i d e  
cou ld  not  be deduced.  I t  w a s ,  however ,  p o s s i b l e  to  determine  the  
sequence  o f  t h i s  o l i g o n u c l e o t i d e  a f t e r  the sequence  o f  the o l i g o n u c l e o ­
t i d e  in  peak 12  ( f i g u r e  2 1 ) had been deduced.
Ti RNase D i g e s t i o n  o f  Peak 1 2 .  F igure  2 1 . H a l f  o f  the k j  A26Q 
u n i t s  o f  the  o l i g o n u c l e o t i d e  in  peak 12 from the t h i r d  p a r t i a l  Ti 
RNase d i g e s t i o n  ( f i g u r e  2 1 )  was d i g e s t e d  w i t h  50 u n i t s  (10 p, l) o f  Ti 
RNase (Sankyo) in  0 . 5  ml o f  0 . 0 2  M T r i s - C l ,  pH 7 - 5 ,  a t  370 f o r  6 1 / 2  
h o u rs .  The d i g e s t i o n  mixture was a p p l i e d  to  a D E A E -ce l lu lose  column
(1 x 73 cm) which had been e q u i l i b r a t e d  w i th  7 M u r e a ,  0 . 0 2  M T r i s - C l ,
pH 7 - 5 .  The column was e l u t e d  w ith  a l i n e a r  g r a d ie n t  produced by 500 
ml each o f  0 . 0  M and 0 . 5  M NaCl in  the  same b u f f e r .  F r a c t i o n s  o f  3 ml
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per 10  minutes  were c o l l e c t e d .
The A260  e l u t i o n  p r o f i l e  f o r  the  column i s  shown in  f i g u r e  JO. 
I d e n t i f i c a t i o n  o f  the Ti RNase products  in each o f  the peaks i s  d i s ­
c u s se d  i n  th e  remainder o f  t h i s  s e c t i o n .
The 2 .5 5  A260  u n i t s  o f  the Ti RNase product  in  the  f i r s t  peak 
were d i g e s t e d  w i th  snake venom p h o s p h o d ie s t e r a s e  and a l k a l i n e  phos­
p h a t a s e .  Chromatography in  s o l v e n t  B gave th e  products  G (O.60U A26Q 
u n i t ,  0 . 0 5 3  P mole)  and A (0 .9 2 9  A26Q u n i t ,  0 . 0 6 2  p, m o l e ) ,  i d e n t i f y i n g  
the component o f  t h i s  peak as  the d i n u c l e o t i d e  ApGp.
The second peak,  which c o n ta in e d  2 . 3  A26Q u n i t s ,  was d i g e s t e d  w i th  
p a n c r e a t i c  RNase and a l k a l i n e  p h osp h atase .  Chromatography in  s o l v e n t  
B gave a n u c l e o s i d e  band, which was found t o  c o n t a i n  G oh (0.1+20 A26Q 
u n i t ,  0 . 0 3 7  p m o le ) ,  and a n u c l e o t i d e  band. D i g e s t i o n  o f  the n u c l e o ­
t i d e  band (0 .9 2 5  A2eo  u n i t )  w i th  snake venom p h o s p h o d i e s t e r a s e ,  f o l ­
lowed by chromatography i n  s o l v e n t  B,  gave the products  pU (0 . 3II+ A26Q 
u n i t ,  0 . 0 3 1  p mole)  and A o h  ( 0 .3 9 3  A2 e o  u n i t ,  0 . 0 2 6  p m o le ) .  Peak 2 
t h e r e f o r e  c o n ta in e d  the  t r i n u c l e o t i d e  ApUpGp.
The t h i r d  peak c o n t a in e d  2.1+5 A2eo  u n i t s  o f  an o l i g o n u c l e o t i d e  
w h ic h ,  a f t e r  d i g e s t i o n  w i t h  p a n c r e a t i c  RNase and a l k a l i n e  p h o sp h a ta s e ,  
fo l l o w e d  by chromatography in  s o l v e n t  B, y i e l d e d  f i v e  n u c l e o s i d e  bands.  
The s l o w e s t  moving band c o n ta in e d  G (O.5 6 8  A2eo  u n i t ,  0 . 0 5 0  p, m o le ) ,  
the n ex t  band (0.5^+3 A2 6 O u n i t )  c o n ta in e d  a mixture  o f  G and Y. The 
t h i r d  band (0.1+31 A260  u n i t )  c o n ta in e d  a mixture  o f  Y and C, the  next  
co n ta in e d  0 . 3 3 5  A26Q u n i t  (0.01+1+ p mole)  o f  C, and the  f a s t e s t  band 
co n ta in e d  T (0.28U A260  u n i t ,  0 . 0 3 2  p m o le ) .  The t h i r d  peak from 
f i g u r e  '0 t h e r e f o r e  c o n ta in e d  the t e t r a n u c l e o t i d e  TpYpCpGp.
The 5 . 7 8  A2t;0  u n i t s  o f  the m a te r ia l  in peak H ( f i g u r e  30 )  was
FIGURE 30 - -  D E A E -ce llu lo se  column chromatography o f  the  
prod u cts  from th e  com p lete  Ti RNase d i g e s t i o n  o f  the o l i g o ­
n u c le o t id e  from peak 12 o f  the th ir d  p a r t i a l  Ti RNase d i g e s t i o n  
( f ig u r e  2 1 ) .
The column (1 x 73 cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by 500 ml each o f  0 . 0  M and 0 .5  M NaCl in  J  M u r e a ,  
0 .0 2  M T r i s - C l ,  pH 7 .5*  F r a c t io n s  o f  3 ml per 10 m inutes were  
c o l l e c t e d .  I d e n t i f i c a t i o n  o f  the  Ti RNase d i g e s t i o n  p rod u cts  
i s  d i s c u s s e d  in  d e t a i l  in  the t e x t .
The o l i g o n u c l e o t i d e  was found to  be composed o f  the  
f o l lo w in g  Ti RNase p ro d u cts :
Peak 1 - -  ApGp
Peak 2 - -  ApUpGp
Peak 3 - -  TpYpCpGp
Peak U - -  m5CpApApGp; UpApApGp
Peak 5 CpApApCpCpApCpCoH









tr e a te d  w ith  a l k a l i n e  ph osph atase  and sep a ra ted  in t o  two components by 
chromatography in  s o l v e n t  A. The s lo w er  moving n u c le o t id e  band was 
d ig e s t e d  w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h o sp h a ta se ,  and chroma­
tography in  s o l v e n t  B y i e ld e d  a n u c le o s id e  U oh (0 .3 5 3  A26 O u n i t ,
0 .0 3 7  |x m ole)  and a n u c le o t i d e  band w h ich ,  a f t e r  d i g e s t i o n  w ith  snake 
venom p h o s p h o d ie s te r a s e  and a l k a l i n e  p h o sp h a ta se ,  y i e ld e d  G oh  (0 .3 2 0  
A 2 g o  u n i t ,  0 .0 2 9  p  m ole) and A o h  (O.865  A 2 6 0  u n i t ,  0 . 0 5 7  M- m o le ) ,  i n ­
d i c a t i n g  th a t  the f i r s t  component o f  peak U was th e  t e t r a n u c le o t id e  
UpApApGp. The o th e r  component o f  peak U was a l s o  d ig e s t e d  w ith  pan­
c r e a t i c  RNase and a l k a l i n e  p h o sp h a ta se .  Chromatography in  s o lv e n t  B 
y ie ld e d  a n u c le o s id e  m5C (O .I 89 A2 eo  u n i t ,  0 .0 2 6  p. m ole)  and a n u c le o ­
t i d e  band which was i d e n t i f i e d  as ApApGp. The second component in  
peak U w a s ,  t h e r e f o r e ,  m5CpApApGp.
The 3 -2 6  A 2 6 o  u n i t s  o f  the o l i g o n u c l e o t i d e  in  peak 5 were d i g e s ­
ted  w ith  p a n c r e a t ic  RNase and a l k a l i n e  phosph atase  and the products  
w ere sep a ra ted  by chromatography in  s o lv e n t  B. The s low er  moving o f  
the two n u c le o t i d e  bands was d i g e s t e d  w ith  snake venom phospho­
d i e s t e r a s e  and th e  p r o d u c ts ,  a f t e r  s e p a r a t io n  in  s o lv e n t  B, were found  
to  be pC (O .I99 A2eo u n i t ,  0 .0 2 5  |x m o le ) ,  pA (0 .39^  A2eo u n i t ,  0 .0 2 6  
P m ole) and A o h  (0.37^+ A2 60  u n i t ,  0 .0 2 5  |x m o le ) ,  i d e n t i f y i n g  the t r i ­
n u c le o t id e  ApApCp. S in c e  t h i s  t r i n u c l e o t i d e  occurred  a t  o n ly  one 
p la c e  in  the " ren a tu ra b le"  le u c in e  tRNA, i t s  i d e n t i f i c a t i o n  in  the  
o l i g o n u c l e o t i d e  from peak 5 in d ic a t e d  th a t  t h i s  o l i g o n u c l e o t i d e  was 
the 3' end fragment CpApApCpCpApCpCoH.
Peak b from f ig u r e  30 c o n ta in e d  ^ .8 9  AoGO u n i t s  o f  an o l i g o ­
n u c le o t id e  which was d ig e s t e d  w ith  p a n c r e a t ic  RNase and a lk a l i n e  
p h osp h atase .  S e p a r a t io n  o f  the prod u cts  in  s o lv e n t  B y ie ld e d  the
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n u c le o s id e s  C o h  and U o h  and two n u c le o t id e  bands. The s lo w er  moving 
band was d ig e s t e d  w ith  snake venom p h o sp h o d ie s te r a s e  and i d e n t i f i e d  as  
ApApUp. The o th e r  n u c le o t id e  was found to  be ApGp a f t e r  snake venom 
p h o sp h o d ie s te r a se  d i g e s t i o n .  These r e s u l t s  in d ic a te d  th a t  peak 6 con ­
ta in e d  th e  p r e v io u s ly  i d e n t i f i e d  ( f i g u r e  8 )  o l i g o n u c l e o t i d e  ApApUpCp 
UpCpUpUpApGp.
The o l i g o n u c l e o t i d e  in  peak 12 from the t h ir d  p a r t i a l  Ti RNase 
d i g e s t i o n  ( f ig u r e  2 1 ) ,  t h e r e f o r e ,  c o n ta in e d  ApGp, ApUpGp, TpYpCpGp, 
m 'CpApApGp, UpApApGp, CpApApCpCpApCpCoH , and ApApUpCpUpCpUpUpApGp in  
a p p rox im ate ly  equim olar amounts. These were the same components as  
had been found in  peak 11 o f  f ig u r e  2 1 , w ith  the a d d i t io n  o f  the  
t e t r a n u c le o t id e  UpApApGp.
Two p a r t i a l  seq u en ces  o f  the o l i g o n u c l e o t i d e  had a lr e a d y  been  
e s t a b l i s h e d  ( c . f .  d i s c u s s i o n  fo r  peak 1 1 ,  f ig u r e  2 1 ) :  m5CpApApGpAp
GpTpYpCpGp and ApApUpCpUpCpUpUpApGpCpApApCpCpApCpCoH. T his  l e f t  the  
l o c a t i o n s  o f  the  Ti RNase p rod u cts  ApUpGp and UpApApGp to  be 
d eterm in e d .
The t e t r a n u c le o t id e  UpApApGp had to  be a t  the 5' end o f  th e  peak 
12 ( f ig u r e  2 1 ) o l i g o n u c l e o t i d e ,  s in c e  i t  was the o n ly  d i f f e r e n c e  be­
tween t h i s  o l i g o n u c l e o t i d e  and the s h o r te r  peak 11 ( f ig u r e  2 1 ) o l i g o ­
n u c l e o t i d e ,  both o f  which c o n ta in e d  the 3 1 t e rm in a l  end o f  the tRNA. 
S in c e  th e  l o c a t i o n  o f  th e  o l i g o n u c l e o t i d e  from th e  3' end o f  the  tRNA 
was f i x e d ,  e i t h e r  the  t r i n u c l e o t i d e  ApUpGp or the TYCG-containing  
o l i g o n u c l e o t i d e  had to  fo l lo w  the UpApApGp. T his  would g iv e  a p o s s i ­
b i l i t y  o f  two seq u en ces :  ( i )  UAAGm5CAAGAGTYCGAUGA or ( i i )  UAAGAUGnr’
CAAGAGTYCGA. O l ig o n u c le o t id e  ( i )  would be ex p e c te d  to  y i e l d  pancrea­
t i c  RNase d i g e s t i o n  p rodu cts  U, AAGnv3C , AAGAGT, Y, C and GAU which
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would be found in  th e  com p lete  p a n c r e a t ic  d i g e s t i o n  o f  th e  i n t a c t  tRNA 
( r e f .  10 and Table I I I ) .  O l ig o n u c le o t id e  ( i i )  would y i e l d  U, AAGAU, 
Gm5C , AAGAGT, Y and C. I t  can  be se e n  from T able IV, which l i s t s  the  
p rod u cts  o f  com plete  p a n c r e a t ic  RNase d i g e s t i o n  o f  th e  " ren atu rab le"  
le u c in e  tRNA, t h a t  the prod u cts  AAGAU and Gm5C were p r e s e n t  but th a t  
th ere  were no fragm ents w ith  th e  seq u en ces  AAGm5C and GAU. T h is  i n ­
d ic a te d  th a t  sequence ( i )  was not a p o s s i b l e  sequence fo r  the 5 ' end 
o f  the peak 12 o l i g o n u c l e o t i d e .  I t  was t h e r e f o r e  con cluded  th a t  the  
sequence o f  the o l i g o n u c l e o t i d e  was UpApApGpApUpGpms CpApApGpApGpTpfp- 
CpGpApApUpCpUpCpUpUpApGpCpApApCpCpApCpCoH.
T h is  made i t  p o s s i b l e ,  o f  c o u r s e ,  to  co n c lud e  th a t  th e  sequence  
o f  the peak 11 ( f ig u r e  21 )  o l i g o n u c l e o t i d e  whose Ti RNase d i g e s t i o n  
p roducts  were g iv e n  in  f ig u r e  29 was as f o l lo w s :  ApUpGpm5CpApApGpAp-
GpTpYpCpGpApApUpCpUpCpUpUpApGpCpApApCpCpApCpCoH.
RNase D ig e s t io n  o f  Peak 1 5 .  F igure  2 1 . A pproxim ately  325 o f  
the kOJ  A26Q u n i t s  in  peak 13 from the t h ir d  p a r t i a l  Ti RNase ( f ig u r e  
2 1 ) d i g e s t i o n  were d ig e s t e d  w ith  50 fil o f  a l k a l i n e  phosph atase  (1 f ig /  
M-l) in  1 . 0  ml o f  0 . 0 2  M NH4HCO3 a t  37° f o r  9 h o u rs .  The d i g e s t i o n  
m ixture  was a p p l ie d  to  a D E A E -ce llu lo se  column (1 x J2  cm) th a t  had 
been e q u i l i b r a t e d  w ith  7 M u r e a ,  pH 3*0- The column was e l u t e d  w ith  
a l i n e a r  g r a d ie n t  produced by 500 ml each o f  0 . 0  M and 0 . 5  M NaCl in  
7 M u r e a ,  pH 3»0 . F r a c t io n s  o f  2 .5  ml per 10 m inutes were c o l l e c t e d .
The A260  e l u t i o n  p r o f i l e  fo r  th e  column i s  shown in  f ig u r e  J l .
The f r a c t i o n s  from the major peak were combined, a d ju s te d  to  n e u tr a l  
pH w ith  2 M NH4OH, and passed  through B io g e l  P -2  columns fo r  removal 
o f  urea and s a l t .
FIGURE 31 - -  D E A E -ce llu lo se  column chromatography (a t  pH 
3 . 0 )  o f  the p rodu cts  from the a lk a l i n e  p hosph atase  d i g e s t i o n  o f  
the o l i g o n u c l e o t i d e  from peak 13  o f  the  t h ir d  p a r t i a l  Ti RNase 
d i g e s t i o n  ( f ig u r e  2 1 ) .
The column (1 x 72 cm) was e lu t e d  w ith  a l i n e a r  g r a d ie n t  
produced by 'yOO ml each o f  0 . 0  M and 0 .5  M NaCl in  7 M u rea ,  
















A pproxim ately  60 A260  u n i t s  o f  the 19^ A26Q u n i t s  o f  the  3 1 d e -  
p h o sp h ory la ted  o l i g o n u c l e o t i d e  from the column in  f ig u r e  were d i ­
g e s te d  w ith  125 u n i t s  (25 p i )  o f  Ti RNase (Sankyo) in  0 .5  ml o f  
0.02 M T r i c - C l ,  pH 7*5 > a t  57° f ° r 6 1 / 2  h o u r s .  The d i g e s t i o n  m ixture  
was then  a p p l ie d  to  a D E A E -ce llu lo se  column (1 x 72 cm) th a t  had been  
e q u i l i b r a t e d  w ith  7 M u r e a ,  0 .0 2  M T r i s - C l ,  pH 7-5* The column was 
e l u t e d  w ith  a l i n e a r  g r a d ie n t  produced by 500 ml each o f  0 . 0  M and 
0.5 M NaCl in  the same b u f f e r .  F r a c t io n s  o f  2 .5  ml per 10 m inutes  
w ere c o l l e c t e d .  The A2 6 q e l u t i o n  p r o f i l e  fo r  the column i s  shown in  
f ig u r e  5 2 .
The 2.23 A260  u n i t s  in  peak 1 w ere d ig e s t e d  w ith  p a n c r e a t ic  RNase. 
A f t e r  s e p a r a t io n  by chromatography in  s o lv e n t  B , th e  p rod u cts  were  
i d e n t i f i e d  as Cp and m§Gp, i n d i c a t i n g  th a t  the f i r s t  peak c o n ta in e d  
the  d in u c le o t i d e  Cpm§Gp.
Peak 2 c o n ta in e d  Gp. On the  b a s i s  o f  com parisons w i th  t r a v e l  
r a t e s  in  p rev io u s  co lum ns, peaks 3 a nd U w ere presumed to  c o n ta in  
ApGp and ApUpGp, r e s p e c t i v e l y .
The 7 .5  A260  u n i t s  in  peak 5 w ere d ig e s t e d  w ith  p a n c r e a t ic  RNase 
and a l k a l i n e  p h o sp h a ta se .  S e p a r a t io n  o f  the prod u cts  by chrom ato­
graphy in  s o lv e n t  B y ie ld e d  G oh  U oh ,  C oh and T oh  . There was no 
p seu d o u r id in e  d e t e c t e d ,  i n d i c a t i n g  th a t  p o s s i b l y  t h i s  peak 13  o l i g o ­
n u c le o t i d e  c o n ta in e d  TpUpCpGp in  which th e  U had n ot  y e t  been con ­
v e r te d  to  7 .  [There are  s e v e r a l  ex p e r im e n ta l  in d i c a t i o n s  th a t  Y i s  
made from U in  the  tRNA, the most c o m p e l l in g  b e in g  the i s o l a t i o n  o f  
the enzyme r e s p o n s ib le  fo r  c a t a l y z i n g  th e  r e a c t io n  (2 9 ) . ]
D ig e s t io n  o f  th e  $ .6 6  A26Q u n i t s  in  peak 8 w ith  p a n c r e a t ic  RNase 
and a l k a l i n e  p h o sp h a ta se ,  fo l lo w e d  by chromatography in  s o lv e n t  B
FIGURE 32 - -  D E A E -ce llu lo se  column chromatography o f  the  
p rod u cts  from the com p lete  Ti RNase d i g e s t i o n  o f  the 3 ' dephos-  
p h o r y la te d  o l i g o n u c l e o t i d e  ( f i g u r e  3 1 ) from peak 13  o f  th e  th ir d  
p a r t i a l  Ti RNase d i g e s t i o n  ( f i g u r e  2 1 ) .
The column (1 x J2  cm) was e l u t e d  w ith  a l i n e a r  g r a d ie n t  
produced by 500 ml each o-f 0 . 0  M and 0 .5  M NaCl in  7 M u r e a ,
0 .0 2  M T r i s - C l ,  pH 7 -5 •  F r a c t io n s  o f  2 .5  ml per 10 m inutes  
were c o l l e c t e d .  I d e n t i f i c a t i o n  o f  the Ti RNase p rod u cts  i s  















gave a n u c l e o s i d e  b a n d  t h a t  c o n t a i n e d  C o h  a n d  D o h ,  i n d i c a t i n g  t h a t  
peak 8 c o n t a i n e d  t h e  h e x a n u c l e o t i d e  DpCpDpApApGp.
The 6 . 7  A260 u n i t s  o f  th e  o l i g o n u c l e o t i d e  in  peak 9 were d ig e s t e d  
w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h o sp h a ta se .  Chromatography in  
s o l v e n t  B y ie ld e d  th e  two n u c le o s id e s  U o h  and m5 Co H in  a d d i t io n  to  
two n u c le o t id e  bands. The f a s t e r  moving o f  th e se  bands was t r e a t e d  
w ith  snake venom p h o s p h o d ie s t e r a s e ,  and th e  p r o d u c ts ,  a f t e r  chrom ato­
graphy in  s o lv e n t  B were found t o  be A o h  and pY, in d i c a t i n g  th a t  the  
band c o n ta in e d  the  d in u c le o t i d e  ApYp. The i d e n t i f i c a t i o n  o f  ApYp and 
mbCp in  the  same o l i g o n u c l e o t i d e  in d ic a t e d  th a t  peak 9 c o n ta in e d  the  
p r e v io u s ly  i d e n t i f i e d  (peak 6 ,  f i g u r e  1 0 )  o l i g o n u c l e o t i d e  ApYpUpm5Cp- 
ApApm1Gp.
Peak 10 (3.U6 A260 u n i t s )  was d ig e s t e d  w ith  p a n c r e a t ic  RNase and 
a l k a l i n e  phosp hatase  and was found to  c o n ta in  o n ly  Coh and ApApGp.
S in c e  i t s  t r a v e l  r a t e  in  th e  column in d ic a te d  a g r e a te r  le n g th  than  
four r e s id u e s  and s in c e  Dp would be e x p e c te d  to  be p r e s e n t  in  an 
o l i g o n u c l e o t i d e  w ith  t h i s  c o m p o s i t io n ,  i t  was very  l i k e l y  th a t  t h i s  
peak c o n ta in e d  th e  h e x a n u c le o t id e  DpCpDpApApGp in  which the  d ih y d ro ­
u r id in e  r e s id u e s  had decomposed to  (3 -ureidoprop ion ic  a c i d .  The d e ­
c o m p o s it io n  probably occu rred  when NH40H was added to  n e u t r a l i z e  the  
f r a c t i o n s  from the a c id  D E A E -ce llu lo se  column p u r i f i c a t i o n  o f  peak 
15 ( f ig u r e  3 1 ) .  The n e g a t iv e  ch a rg es  from the two 0 -u r e id o p r o p io n ic  
a c id  r e s id u e s  were r e s p o n s ib le  f o r  the  s lo w er  t r a v e l  r a t e  o f  the  
h e x a n u c le o t id e  in  the D E A E -ce llu lo se  column.
The 6 . S A2t-0 u n i t s  o f  the o l i g o n u c l e o t i d e  in  peak 11 were d ig e s t e d  
w ith  p a n c r e a t ic  RNase and a l k a l i n e  p h o sp h a ta se .  Chromatography in  
s o lv e n t  B y ie ld e d  two n u c le o s id e  bands and two n u c le o t id e  bands. The
17^
s lo w er  moving n u c le o t id e  band was d ig e s t e d  w ith  snake venom phospho­
d i e s t e r a s e ,  and the p r o d u c ts ,  a f t e r  chromatography in  s o l v e n t  B, were  
found to  be pU, pA and A o h ,  i n d i c a t i n g  th a t  th e  band c o n ta in e d  ApApUp. 
T his  t r i n u c l e o t i d e  was found in  o n ly  one p la c e  in  the  tRNA m o le c u le ,  
i e . ,  in  th e  d e c a n u c le o t id e  ApApUpCpUpCpUpUpApGp ( f ig u r e  8 ) .  The peak 
11 o l i g o n u c l e o t i d e  was t h e r e f o r e  presumed to  be t h i s  d e c a n u c le o t id e .
The o l i g o n u c l e o t i d e  from peak 13 from th e  th ir d  p a r t i a l  Ti RNase 
d i g e s t i o n  ( f i g u r e  2 l ) ,  t h e r e f o r e ,  c o n ta in ed  Cpm§Gp, TpYpCpGp, DpCpDp­
ApApGp, ApYpUpn^CpApApm^Gp and ApApUpCpUpCpUpUpApGp. There was no 
i n d i c a t i o n  th a t  i t  co n ta in e d  the 3' end o c t a n u c le o t id e  ( f i g u r e  7 )  or 
any Ti RNase prod u cts  on th e  5 1 s id e  o f  the tRNA from th e  D p -c o n ta in in g  
h e x a n u c le o t id e .  I t  was t h e r e f o r e  concluded  th a t  th e  peak 13 o l i g o ­
n u c le o t id e  began w ith  the  d ih y d r o u r id in e -c o n ta in in g  h e x a n u c le o t id e ,  
encompassed th e  sequence found in  peak 16 from the com plete  Ti RNase 
d i g e s t i o n  o f  the i n t a c t  tRNA ( f i g u r e s  6 and 1 0 )  and co n t in u ed  through  
the sequence found in  th e  peak 1 2 ,  f ig u r e  2 1 ,  o l i g o n u c l e o t i d e  to  the  
b eg in n in g  o f  the o c t a n u c le o t id e  th a t  had p r e v io u s ly  been i d e n t i f i e d  
as the  3 ' term in a l o l i g o n u c l e o t i d e .  The c o n n e c t in g  seq u en ces  between  
the o l i g o n u c l e o t i d e s  th a t  w ere p o s i t i v e l y  i d e n t i f i e d  w ere assumed to  
be c o n ta in e d  in  peaks 3» 6 and J  which w ere n o t  f u l l y  c h a r a c t e r iz e d .
The i d e n t i f i c a t i o n  o f  the  D p -c o n ta in in g  h e x a n u c le o t id e ,  the a n t ico d o n  
r e g io n  (peak 1 6 ,  f i g u r e  6 )  and the  TpYpCpGp t e t r a n u c l e o t i d e  in  a 
s i n g l e  o l i g o n u c l e o t i d e  was a u s e f u l  c o n f ir m a t io n  o f  the sequence which  
i s  shown in  Table VI and F ig u re  5^. The sequence o f  t h i s  o l i g o n u c l e o ­
t i d e ,  as shown in  T able VI ( o l i g o n u c l e o t i d e  # 9 ) ,  was DpCpDpApApGpCp- 




A fte r  e l u c i d a t i o n  o f  the n u c le o t id e  seq u en ces  o f  the fragm ents  
ob ta in ed  from " ren a tu ra b le"  l e u c in e  tRNA by d i g e s t i o n  w ith  Ti RNase 
and p a n c r e a t ic  RNase and by p a r t i a l  d i g e s t i o n  w ith  Ti RNase, i t  was 
p o s s i b l e  to  determ ine the com plete  n u c le o t i d e  sequence o f  th e  tRNA.
The p ro cess  by which the  t o t a l  sequence was deduced w i l l  be p resen ted  
in  the fo l lo w in g  d i s c u s s i o n .
The i d e n t i t i e s  o f  the prod u cts  from the  com p lete  Ti RNase d i g e s ­
t io n  o f  the tRNA ( c . f .  f ig u r e  6 )  are summarized in  Table I I I .  The 
molar r a t i o s  o f  the products  were c a l c u l a t e d  u s in g  the  t o t a l  o f  0 .7^1  
p mole o f  the o l i g o n u c l e o t i d e  CpApApCpCpApCpCcH per 500 A260  u n i t s  
o f  the tRNA as  u n i t y .  T h is  o l i g o n u c l e o t i d e  was ch o sen  as  th e  b a s ic  
u n it  fo r  the co m p a r iso n s ,  because  th e r e  co u ld  be o n ly  one o l i g o n u c l e o ­
t id e  w ith  t h i s  sequen ce  from one m olecu le  o f  tRNA, due to  th e  f a c t  
th a t  t h i s  o l i g o n u c l e o t i d e  co n ta in e d  th e  3' te r m in a l  r e s id u e  ( i d e n t i ­
f i e d  by i t s  f r e e  3 ' h yd roxyl group) o f  the tRNA. There were molar 
r a t i o s  o f  very  n e a r ly  i n t e g r a l  v a lu e s  between the  components o f  the  
tRNA, ex c e p t  fo r  Gp, which w i l l  be d is c u s s e d  l a t e r ,  pGp, which was 
spread over peaks 5 and 6 ,  r e s u l t i n g  in  some l o s s  o f  m a t e r i a l ,  and the  
peak 16 o l i g o n u c l e o t i d e ,  which was o n ly  p a r t ly  degraded to  i t s  compon­
e n t  Ti RNase d i g e s t i o n  p r o d u c ts .  The molar r a t i o s  in d ic a t e d  th a t  the  
tRNA was very  pure. T h is  was a l s o  in d ic a te d  by th e  la c k  o f  sm all  
amounts o f  c o n ta m in a t in g  o l i g o n u c l e o t i d e s  from o th e r  tRNA s p e c i e s .
The i d e n t i t i e s  o f  the products  from the com p lete  p a n c r e a t ic  RNase 
d i g e s t i o n  o f  " ren atu rab le"  le u c in e  tRNA (from r e f .  9 5 )  are g iv e n  in  
Table IV. The c o n d i t io n s  for  the d i g e s t i o n  and fo r  the D E A E -ce llu lose
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T able  I I I
N u c le o t id e  seq u en ces  o f  the prod u cts  o b ta in ed  by d i g e s t i o n  o f  
" ren a tu ra b le"  y e a s t  l e u c in e  tRNA w ith  Ti RNase ( f i g u r e  6 ) .
Peak I d e n t i t y T o ta l  p, mole Molar r a t i o
1 m2Gp 0 .6 2 5 .84
2 Gp 1 .8 5 2 .5 1
3 ApGp 1 .5 5 2 .0 9
4 Cpac4CpGp 0 .6 5 3 .8 8
3 UpUpGp 0 .6 2 4 .84
Cpm2 'GpGp 0 .8 0 0 1 .0 8
pGp 0 .5 5 6 • 75
6 ApUpGp 0 .7 3 6 • 99
7 TpfpCpGp 0 .6 3 5 .86
8 UpUpUpGp 0 .5 9 7 .81
9 UpApApGp 0 .7 0 1 • 95
m^CpApApGp O.65I .88
10 R e la te d  to  peak 12
11 R e la te d  to  peak 16
12 CpApApCpCpApCpCo 0 .7 4 1 * 1 .0 0
13 DpCpDpApApGp 0 .7 5 5 1 .0 2
14 ApYpUpm5CpApApm1Gp 
(R e la ted  to  peak 1 6 )
0 .1 7 3 • 23




0 .3 7 5 • 76
The summation o f  peaks 10 and 1,° was used as  the b a s ic  u n i t  to  
c a l c u l a t e  the molar r a t i o  o f  each component.
FIGURE 33 ~~ D E A E -ce llu lo se  column chromatography o f  the  
p rod u cts  o f  the com p lete  p a n c r e a t ic  RNase d i g e s t i o n  o f  " r e ­
n a tu ra b le"  le u c in e  tRNA (9 5 ) •
The d i g e s t i o n  was c a r r ie d  o u t  by in c u b a t in g  557 A2 eo  u n i t s  
o f  p u r i f i e d  " ren a tu ra b le"  y e a s t  l e u c in e  tRNA w ith  3 nig o f  
p a n c r e a t ic  RNase in  3 ml o f  0 . 0 2  M T r i s - C l ,  pH 7 * 4 ,  a t  37° f ° r 
12  h o u r s .  The d i g e s t i o n  m ixture was made 7 M w ith  urea and 
a p p lie d  to  a D E A E -ce llu lo se  column (1 x 70 cm) th a t  had been  
e q u i l i b r a t e d  w ith  7 M urea b u f fe r e d  w ith  0 . 0 2  M T r i s - C l ,  pH 7 - 4 .  
The column was e l u t e d  w ith  a l i n e a r  g r a d ie n t  produced by one 
l i t e r  each o f  0 . 0  M and 0.1+ M NaCl in  7 M u r e a ,  0 . 0 2  M T r i s - C l ,  
pH 7 . 4 .  F r a c t io n s  o f  2 .5  ml in  10 m inutes  w ere c o l l e c t e d .
The n u c le o t i d e  seq u en ces  o f  th e  p rod u cts  w ere determ ined  
as d is c u s s e d  in  r e f e r e n c e  9 5 ,  and th e  i d e n t i t i e s  o f  the pro­










Produ cts  
l e u c in e
from P a n c r e a t ic  
tRNA.
RNase D egrad ation  o f " ren a tu ra b le"  y e a s t
Peak I d e n t i t y Peak I d e n t i t y
1 C om 6 ApGpCp
2 Yp ApApCp
8 -9  CP Gpn^GpCp
7 -8  up 7 GpApApUp








I ) m2 ' GpGpDp
GpApYp
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column s e p a r a t io n  o f  th e  products  are  g iv e n  in  th e  legen d  to  f ig u r e  
3 3 , which shows the A260  e l u t i o n  p r o f i l e  fo r  the  column.
There was good c o r r e l a t i o n  betw een th e  p rod u cts  from the Ti RNase 
and p a n c r e a t ic  RNase d i g e s t i o n s  o f  the " ren atu rab le"  y e a s t  l e u c in e  
tRNA, as can be seen  from T able V. The d ata  in  t h i s  t a b le  confirm s  
th a t  the in fo rm a t io n  from th e  tw o, in d ep en d en t ly  conducted  d i g e s t i o n s  
was c o r r e c t .  I t  show s, fo r  exam p le , th a t  th e r e  w ere sev en  p a n c r e a t ic  
RNase prod u cts  which began w ith  a Gp r e s id u e  and th a t  th e r e  w e r e ,  a s  
e x p e c te d ,  sev en  in s t a n c e s  in  the Ti RNase p rod u cts  o f  a Gp preceded by 
a p yrim id in e  r e s id u e .  As anoth er  exam p le , the  t a b le  a l s o  shows th a t  
th e r e  were four p a n c r e a t ic  RNase p rod u cts  th a t  ended (3 '  term in u s)  
w ith  the sequence ...GpUp and th a t  th e r e  w ere four Ti RNase products  
which began w ith  a Up r e s id u e .
I t  can be seen  from T able I I I  th a t  the  e x a c t  number o f  mono­
n u c le o t id e  Gp r e s id u e s  from th e  Ti RNase d i g e s t i o n  o f  the tRNA m ole­
c u le  was in  q u e s t io n .  The in fo r m a t io n  o b ta in e d  from th e  i d e n t i f i c a ­
t io n  o f  the p a n c r e a t ic  RNase p rod u cts  h e lp ed  to  c l a r i f y  th a t  p o in t :
The seq u en ces  found fo r  the  p a n c r e a t ic  RNase d i g e s t i o n  p roducts  (Table  
IV) showed th a t  th e r e  were th r e e  in s t a n c e s  o f  th e  seq uence  . . . . G p G p . . . ,  
so th e r e  should  have been th r e e  Gp r e s id u e s  r e l e a s e d  by Ti RNase d i ­
g e s t io n  o f  the tRNA m o le c u le .  The d ata  from the Ti RNase d i g e s t i o n  
in d ic a te d  th a t  th e r e  were few er than th r e e  r e s id u e s  o f  Gp. T his  was 
due to  the f a c t  th a t  one o f  th e  . . .G p G p . . .  seq u en ces  occurred  in  the  
la r g e  o l i g o n u c l e o t i d e  in  peak 1 6 ,  f ig u r e  6 ,  w hich was not c o m p le te ly  
d ig e s t e d  so  th a t  the  Gp r e s id u e  was n ot  r e l e a s e d  q u a n t i t a t i v e l y .
The seq u en ces  found fo r  the Ti RNase d i g e s t i o n  prod u cts  (Table  
I I I )  a l s o  made p o s s i b l e  the d e te r m in a t io n  o f  the e x a c t  number o f
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Table V
C o r r e la t io n  betw een th e  p a n c r e a t ic  RNase d i g e s t i o n  p ro d u cts  (Table IV) 
and th e  Ti RNase d i g e s t i o n  p rod u cts  (Table I I I )  from " ren atu rab le"  
y e a s t  l e u c in e  tRNA.
Sequences  in  p a n c r e a t ic  
RNase d i g e s t i o n  p rod u cts
No. per  
mole o f
tRNAL6U
Sequences in  Ti RNase 
d i g e s t i o n  p rod u cts




HoGp. . . . 7 . . . .PypGp 7
h om^Gp 1 . . . .PypmfGp l
h oApGp. . . . 2 . . . .PypApGp 2
h oApApGp. . . . 3 . . . .PypApApGp 3
HoApApm1Gp. . . . l . . .  .PypApApnrLGp 1
. . . .G p C p  or m§GpCp 6 HOCp . . . . 6
. . . .GpUp 1+ HOUp. . . . b
Gpm5Cp l Hom5Cp. . . . 1
. . . .GpTp 1 HoTp.. . . 1
. . . .GpDp 1 H oDp. . . . 1
. . . .GpApUp 1 h oApUp. . . . 1
GpApYp 1 HoApYp. . . . 1
. . . .GpApApUp l hoApApUp. . . . 1
*
S u b s c r ip t  h o  in d i c a t e s  the 5 '  hydroxy l term in u s .  Py in d i c a t e s  
a p y r im id in e .  D otted  l i n e s  i n d ic a t e  th a t  com plete  seq u en ces  are  
not shown.
181
m ononucleotide Cp and Up r e s id u e s  r e s u l t i n g  from the  p a n c r e a t ic  RNase 
d i g e s t i o n .  ( i t  had been d i f f i c u l t  to  e x a c t l y  q u a n t i t a t e  th e s e  r e s i ­
dues because th e r e  were so  many o f  th e m .) I t  was found th a t  th ere  
were 9 moles o f  Cp and 8 m oles o f  Up r e l e a s e d  as  m on on u c leo tid es  from 
a mole o f  " ren atu rab le"  y e a s t  l e u c in e  tRNA.
The t r i n u c l e o t i d e  pGpGpUp, which was i s o l a t e d  from the  p a n c r e a t ic  
RNase d i g e s t i o n  o f  the tRNA (Table IV ) was i d e n t i f i e d  as the 5 ' t e r m i­
nal p o r t io n  o f  the tRNA sequence because  o f  i t s  5' te r m in a l  phosphate  
group, which cou ld  o n ly  come from th e  r e s id u e  a t  the 5 1 end o f  the  
tRNA m o le c u le .  The pGp r e s id u e  i s o l a t e d  from the Ti RNase d i g e s t i o n  
(Table I I I )  confirm ed the  i d e n t i f i c a t i o n  o f  the 5' t erm in a l  r e s id u e  
o f  the tRNA.
The o l i g o n u c l e o t i d e  CpApApCpCpApCpCo , which was a product o f  Ti 
RNase d i g e s t i o n  o f  the tRNA, was i d e n t i f i e d  as th e  3 1 te r m in a l  p o r t io n  
o f  the tRNA m olecu le  because  i t  had no 3 1 term in a l Gp r e s id u e  and b e­
cause i t  p o s s e s s e d  a f r e e  3 ' hydroxy l group which cou ld  o n ly  be p re ­
se n t  on the  3' term in a l r e s id u e  o f  th e  tRNA. The i s o l a t i o n  o f  Co 
from the p a n c r e a t ic  RNase d i g e s t i o n  confirm ed  the i d e n t i t y  o f  the 3' 
term in a l r e s id u e .  S in c e  i t  has been shown th a t  tRNA m o le c u le s  r e q u ir e  
an a d en o s in e  r e s id u e  w i th  a f r e e  3 ' hydroxy l group to  be a b le  to  
a c c e p t  to  i t s  co rr esp o n d in g  amino a c id  (123) s in c e  an enzyme, tRNA 
a d e n y l y l t r a n s f e r a s e , which adds th e  3' term in a l a d en o s in e  to  tRNA 
m o lec u le s  has been found ( 1 2 b ) ,  i t  was assumed th a t  t h i s  tRNA had a 
'' term in a l a d en o s in e  as a p a r t  o f  i t s  sequence but th a t  i t  was not  
p re se n t  a t  the time o f  i s o l a t i o n .  I t  has been observed  th a t  tRNA 
m o lec u le s  i s o l a t e d  from lo g  phase y e a s t  u s u a l ly  p o s s e s s  the term in a l  
a d e n o s in e ,  w h i le  tRNA m o lec u le s  i s o l a t e d  from n o n - lo g  phase
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y e a s t  o f t e n  do n ot (5 1 ) -  Because our tRNA was prepared from commer­
c i a l l y  purchased y e a s t  c a k e s ,  i t  was n ot  p o s s i b l e  to  d eterm ine any­
th in g  about i t s  p h y s i o l o g i c a l  s t a t e .  I t  was p ro b a b ly  not lo g  phase 
y e a s t ,  how ever, and would th e r e f o r e  not n e c e s s a r i l y  p o s s e s s  the 3 ' 
term in a l a d e n o s in e .
In the a s s a y s  used to  l o c a t e  th e  tRNA from the  B D - c e l lu lo s e  and 
Sephadex G-100 columns ( f i g u r e s  1 - 5 ) ,  a crude aminoacyl-tRNA s y n th e ta s e  
p r e p a r a t io n  was u sed .  T h is  enzyme p r e p a r a t io n  a l s o  c o n ta in e d  tRNA 
a d e n y ly t r a n s f e r a s e , making i t  p o s s i b l e  to  charge th e  tRNA w ith  amino 
a c i d .
The data  o b ta in ed  from the Ti RNase and p a n c r e a t ic  RNase d i g e s ­
t io n s  and the a d d i t io n  o f  the  3 ' t e rm in a l  a d en o s in e  in d ic a te d  th a t  
" ren atu rab le"  le u c in e  tRNA i s  composed o f  85 n u c le o t i d e  r e s i d u e s .
In a d d i t io n  to  the fou r  common r i b o n u c l e o s i d e s , a d e n o s in e ,  
c y t i d i n e ,  g u a n o s in e ,  and u r i d i n e ,  th e r e  were a t o t a l  o f  n in e  d i f f e r e n t  
m od if ied  n u c le o s id e s  in  the sequence o f  " ren a tu ra b le"  y e a s t  l e u c in e  
tRNA: N2 -m e th y lg u a n o s in e , N4 - a c e t y l c y t i d i n e , 2 ' -O -m eth y lg u a n o s in e ,
r ib o th y m id in e , p s e u d o u r id in e ,  5 - m e t h y lc y t id in e  , 5 ,6 - d ih y d r o u r id in e , 
N2 -d im e th y lg u a n o s in e , and 1 - m eth y lgu an osin e  were a l l  i d e n t i f i e d  on the  
b a s i s  o f  t h e i r  UV s p e c tr a  a t  n e u t r a l ,  a c i d i c  and a l k a l i n e  pH 's .  These  
m od ified  n u c le o t i d e s  were in v a lu a b le  in  the  d e te r m in a t io n  o f  the com­
p le t e  sequence o f  the tRNA fo r  two major r e a s o n s .  The f i r s t  i s  th a t  
th e r e  appears to  be a p a t t e r n  to  the  l o c a t i o n  o f  some o f  th e  minor 
b ases  in  the  tRNA's whose seq u en ces  have been determ ined  ( 5 l _8 9 ) .  The 
d ih y d r o u r id in e  r e s i d u e s ,  fo r  exam ple , a lw ays appear in  th e  same r e g io n  
o f  the tRNA s e q u e n c e s ,  and the GpTpYpCp sequence a lw ays occu rs  a t  the  
same l o c a t i o n .  T his f e a tu r e  o f  the m o d if ied  b a ses  w i l l  be d is c u s s e d
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in  more d e t a i l  when th e  t o t a l  sequ en ce  o f  th e  tRNA i s  p r e se n te d  la t e r  
in  t h i s  s e c t i o n .
The second r ea so n  th a t  the m od if ied  n u c le o t i d e s  were so  u s e f u l  to  
th e  sequence d e te r m in a t io n  p r o c e s s  was due to  th e  f a c t  t h a t ,  because  
th e r e  were o n ly  one or two r e s id u e s  o f  each  m o d if ie d  n u c l e o t i d e ,  the  
i d e n t i f i c a t i o n  o f  a m o d if ied  n u c le o t id e  in  both  a T i RNase d i g e s t i o n  
prod uct and a p a n c r e a t ic  RNase d i g e s t i o n  product was a s t r o n g  i n d i c a ­
t i o n  th a t  the two tRNA fragm ents c o n ta in e d  r e s id u e s  in  common. This  
" over lap p in g"  o f  s eq u en ces  o f  Ti RNase and p a n c r e a t ic  RNase products  
proved to  be very  u s e f u l  in  th e  d e te r m in a t io n  o f  p o r t io n s  o f  the  
seq u en ce  o f  the tRNA.
Some o f  the  o v e r la p s  p rov ided  by th e  p a n c r e a t ic  RNase d ata  were  
p a r t i c u l a r l y  u s e f u l :  (A) The p a n c r e a t ic  RNase product m^GpGpDp, when
put to g e th e r  w ith  th e  o n ly  Ti RNase prod uct w ith  a 5 1 te r m in a l  Dp, 
gave the seq u en ce  m2 'GpGpDpCpDpApApGp. S in c e  th e r e  was o n ly  one m2 'Gp 
r e s id u e  found in  th e  tRNA (T ab les  I I I  and I V ) ,  th e  o v e r la p  w ith  the Ti 
RNase product Cpm2 'GpGp le d  to  th e  sequ en ce  Cpm2 'GpGpDpCpDpApApGp.
( b ) S in c e  th e r e  was o n ly  one Tp r e s id u e  found in  the tRNA, th e  h ex a -  
n u c le o t id e  ApApGpApGpTp from th e  p a n c r e a t ic  RNase d i g e s t i o n  over lap ped  
w ith  th e  t e t r a n u c l e o t i d e  TpYpCpGp from th e  Ti RNase d i g e s t i o n  t o  g iv e  
the sequence ApApGpApGpTpYpCpGp. (C) The p a n c r e a t ic  RNase product
GpApYp proved th a t  an o l i g o n u c l e o t i d e  i s o l a t e d  from th e  Ti RNase d i g e s ­
t i o n  (peak 1U, f ig u r e  6 ) had ApYp as i t s  5 ' te r m in a l  en d , g i v i n g  the  
sequence GpApYpUpm‘DCpApApm1Gp.
There were s e v e r a l  o th e r  o v e r la p s  betw een p a n c r e a t ic  RNase and Ti 
RNase p rod u cts  th a t  co u ld  be made, but most were am biguous, because a 
s i n g l e  p a n c r e a t ic  RNase product cou ld  o v e r la p  w ith  more than one Ti
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RNase p ro d u ct .
These w ere th e  o n ly  very  u s e f u l  o v e r la p s  o b ta in ed  by com parison  
o f  the Ti RNase and p a n c r e a t ic  RNase d i g e s t i o n  p r o d u c ts .  To c o m p le te ly  
determ ine  the  n u c le o t i d e  sequ ence  o f  th e  tRNA i t  w a s ,  o f  c o u r s e ,  n e c ­
e s s a r y  to  use  th e  data  ob ta in ed  from th e  p a r t i a l  Ti RNase d i g e s t i o n s .  
The seq u en ces  o f  the o l i g o n u c l e o t i d e s  o b ta in ed  from th e  th r e e  p a r t i a l  
Ti RNase d i g e s t i o n s  are  shown in  T able  VI.
O l ig o n u c le o t id e  4 1 .  T able VI (pGpGpU pUpG pUpUpUpGp ) . T h is  o l i g o ­
n u c le o t i d e  was o b ta in ed  from the t h ir d  p a r t i a l  Ti RNase d i g e s t i o n  (peak  
7 ,  f ig u r e  21; p. 1 4 5 ) .  The co m p le te  Ti RNase d i g e s t i o n  o f  th e  d ep hos-  
p h o ry la ted  o l i g o n u c l e o t i d e  ( f i g u r e  2 3 )  y ie ld e d  UpUpGp and UpUpUpGoH, 
i n d i c a t i n g  th a t  the t e t r a n u c l e o t i d e  and n o t  th e  t r i n u c l e o t i d e  was a t  
the  3 ' end.
O l ig o n u c le o t id e  4 2 .  T ab le  VI (pGpGpUpUpGpUpUpUpGpm2Gp) . T his  
o l i g o n u c l e o t i d e  was i s o l a t e d  from the  t h ir d  p a r t i a l  Ti RNase d i g e s t i o n  
(peak 7 ,  f ig u r e  2 1 ) .  L ike o l i g o n u c l e o t i d e  # 1 ,  i t  was from the 5 1 end 
o f  th e  tRNA m o le c u le ,  because  i t  was found to  c o n ta in  th e  5 1 term in a l  
n u c le o t id e  pGp. I t  t h e r e f o r e  began w i th  th e  seq u en ce  pGpGpUp w hich was 
found to  be the  5'  term in a l  t r i n u c l e o t i d e  (Table IV) in  the p a n c r e a t ic  
RNase d i g e s t i o n  o f  the  tRNA. The Ti RNase d i g e s t i o n  o f  the o l i g o n u c l e ­
o t i d e  ( f i g u r e  24 ;  p . I 5I )  in d ic a t e d  th a t  i t  c o n ta in e d  th e  same compo­
n en ts  as o l i g o n u c l e o t i d e  4tl w ith  one a d d i t io n a l  n u c l e o t i d e .  T his  
n u c l e o t i d e ,  m2Gp, was th e r e f o r e  a t  the 3 ' end o f  o l i g o n u c l e o t i d e  #2 .
O l ig o n u c le o t id e  # 3 .  T able VI (pGpGpUpUpGpUpUpUpGpm2GpCpac4CpGpAp- 
Gp) . T his o l i g o n u c l e o t i d e ,  a l s o  from th e  5' end o f  th e  tRNA, was
TABLE VI NUCLEOTIDE SEQUENCE OF "RENATURABLE" YEAST LEUCINE tRNA
m* qc4 (|»* »* m' m9
pGGUUGUUUGGCCGAGCGGDCDAAGGCG CCUGAVUC AAGCCC AGGUAUCGUAAG AUGCAAGAGTVCG AAUCUCUUAGCAACC A C C A o h

































i s o l a t e d  from the f i r s t  p a r t i a l  Ti RNase d i g e s t i o n  (peak 2 ,  f ig u r e  13 ;  
p. 12U ) .  The com p lete  Ti RNase d i g e s t i o n  o f  t h i s  o l i g o n u c l e o t i d e  
( f ig u r e  15;  p. 1 2 9 )  in d ic a t e d  th a t  i t  c o n ta in e d  Cpac4CpGp and ApGp in  
a d d i t io n  to  the Ti RNase p rod u cts  found in  o l i g o n u c l e o t i d e  # 2 ,  Table  
VI. There were two p o s s i b l e  seq u en ces  in  which th e s e  produ cts  cou ld  
be added to  o l i g o n u c l e o t i d e  &2, which ended in  . . .UpGpm2G p:. . .UpGpm2 - 
GpCpac4CpGpApGp or . . .UpGpm2GpApGpCpac4CpGp. I t  was n e c e s s a r y  t o  use  
in fo rm a tio n  from the  com plete  p a n c r e a t ic  RNase d i g e s t i o n  (Table IV) to  
be a b le  to  determ ine which o f  the two p o s s i b i l i t i e s  was c o r r e c t .  The 
f i r s t  p o s s i b i l i t y  would r e s u l t  in  p a n c r e a t ic  RNase products  Gpm2GpCp, 
ac4Cp and GpApGp.... The second would r e s u l t  in  th e  products  Gpm2Gp- 
ApGpCp, ac4Cp, G p . . . .  There was no p e n ta n u c le o t id e  w ith  the sequence  
Gpm2GpApGpCp i s o l a t e d  from th e  p a n c r e a t ic  RNase d i g e s t i o n  o f  the  
tRNA, but a t r i n u c l e o t i d e  Gpm2GpCp was found (Table IV) .  T h is  proves  
th a t  th e  f i r s t  seq uence  was the  c o r r e c t  one.
O l ig o n u c le o t id e s  1 ,  2 and 3 ,  t h e r e f o r e ,  made i t  p o s s i b l e  to  de­
term ine the sequence o f  the f i r s t  15 n u c le o t i d e s  from the 5' end o f  
the tRNA.
O l ig o n u c le o t id e  # 4 .  T able VI (Cpm§GpCpCpUpGpApYpUpm5CpApApmiI GpCp- 
CpCpApGpGpUpApUpCpGp) . T his o l i g o n u c l e o t i d e  was found in  th e  second  
(peak 6 , f ig u r e  1 7 ; p . 1 3 3 ) and t h ir d  (peak 9 , f ig u r e  2 1 ; p. IU5 ) 
p a r t i a l  Ti RNase d i g e s t i o n s  as w e l l  as  in  the com plete  Ti RNase d i ­
g e s t io n  o f  the tRNA (peak 1 6 ,  f ig u r e  6 ;  p. 75 )  in  which o n ly  about  
o f  the o l i g o n u c l e o t i d e  was c o m p le te ly  d i g e s t e d ,  l e a v in g  the  
remainder as a p a r t i a l  d i g e s t i o n  product.
Ti RNase d i g e s t i o n s  o f  t h i s  o l i g o n u c l e o t i d e  ( f i g u r e s  1 0 ,  20 and
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2 7 ) ,  as  w e l l  as  p a n c r e a t ic  RNase d i g e s t i o n ,  en ab led  i t s  sequence to  be 
determ ined  as shown in  T ab les  I I I  and VI. A d e t a i l e d  d i s c u s s i o n  o f  the  
sequence d e te r m in a t io n  was g iv e n  in  th e  s e c t i o n  d e s c r ib in g  th e  pan cre­
a t i c  RNase and Ti RNase (p . 1 1 8 -1 2 1 )  p rod ucts  o f  peak 1 6 ,  f i g u r e  6 .
T h is  o l i g o n u c l e o t i d e  was su b se q u e n t ly  determ ined  to  c o n ta in  the  
a n t ico d o n  loop  and stem  o f  th e  tRNA.
O l ig o n u c le o t id e  # 5 ,  T able VI (ApApUpCpUpCpUpUpApGpCpApApCpCpAp-  
C p C o h ) .  T h is  o l i g o n u c l e o t id e  was i s o l a t e d  from both th e  second (peak  
5 ,  f ig u r e  17; p. 1 3 3 )  and the t h ir d  (peak 8 , f ig u r e  2 l ; p . 1*4-5 ) p a r t i a l  
Ti RNase d i g e s t i o n s .  Ti RNase d i g e s t i o n s  o f  t h i s  o l i g o n u c l e o t i d e  
( f i g u r e s  I 9 and 2 5 , pages I 38 and 15*0  y i e ld e d  two o l i g o n u c l e o t i d e  
p r o d u c ts ,  one o f  which c o n ta in ed  a f r e e  3 ' hydroxy l group and was 
th e r e fo r e  from th e  3' end o f  the tRNA. The o th e r  Ti RNase p ro d u ct ,  o f  
c o u r s e ,  had to  be on the 5 ' s id e  o f  th e  f i r s t ,  g iv in g  the sequence  
shown fo r  the  o l i g o n u c l e o t i d e  in  T able  VI.
O l ig o n u c le o t id e  #6 . Table VI (ApUpGpm5CpApApGpApGpTpYpCpGp) . T h is  
o l i g o n u c l e o t i d e  was found in  the second p a r t i a l  Ti RNase d i g e s t i o n  
(peak U, f ig u r e  17 ;  p. 1 3 3 ) .  The Ti RNase d i g e s t i o n  p rod u cts  from t h i s  
o l i g o n u c l e o t i d e  ( f ig u r e  18 ; p. 1 3 5 ) co u ld  be arranged in to  two s e ­
quences as  p r e v io u s ly  d is c u s s e d  (page 1 3 7 ) :  ApUpGp and m5CpApApGpAp-
GpTpYpCpGp. From the in fo rm a tio n  su b se q u e n t ly  o b ta in ed  from the Ti 
RNase d i g e s t i o n  ( f ig u r e  30; p . 1 6 6 )  o f  th e  o l i g o n u c l e o t i d e  in  peak 1 2 ,  
f ig u r e  21 ( o l i g o n u c l e o t id e  #8 , T able V I) i t  was concluded  th a t  the s e ­
quence shown above and in  Table VI was th e  c o r r e c t  one fo r  o l i g o ­
n u c le o t id e  #6 .
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O l ig o n u c le o t id e  # 7 .  T able VI (ApUpGpm5CpApApGpApGpTpYpCpGpApAp-  
UpCpUpCpUpUpApGpCpApApCpCpApCpCoH) . Ti RNase d i g e s t i o n  ( f i g u r e  28;  
p. 1 6 0 )  o f  t h i s  o l i g o n u c l e o t i d e  from the t h ir d  p a r t i a l  Ti RNase d i ­
g e s t io n  (peak 1 1 ,  f ig u r e  21; p. 1^ 5) in d ic a te d  th a t  i t  c o n ta in ed  the  
components o f  both o l i g o n u c l e o t i d e  #5 and o l i g o n u c l e o t i d e  #6 (Table  
V i ) ,  and th e r e f o r e  had th e  seq uence  shown above and in  T able VI.
O l ig o n u c le o t id e  #8 . T able VI (UpApApGpApUpGpm5CpApApGpApGpTpYpCp-  
GpApApUpCpUpCpUpUpApGpCpApApCpCpApCpCoH ) . T h is  o l i g o n u c l e o t i d e  r e ­
s u l t e d  from the th ir d  p a r t i a l  Ti RNase d i g e s t i o n  (peak 1 2 ,  f ig u r e  2 1 ) .  
The com plete  Ti RNase d i g e s t i o n  o f  t h i s  o l i g o n u c l e o t i d e  gave the p ro ­
du cts  l i s t e d  in  th e  legen d  to  f ig u r e  30 (p . 1 6 6 )  and to g e th e r  w ith  the  
o v er la p  provided  by th e  p a n c r e a t ic  RNase d i g e s t i o n  product ApApGpApUp 
(T ab les  IV and V i)  enab led  the  sequence to  be c o n c l u s i v e l y  determ ined  
as d e s c r ib e d  in  th e  d i s c u s s i o n  (p .  1 6 8 -1 6 9 )  f o l l o w i n g  f ig u r e  3 0 .  De­
te r m in a t io n  o f  t h i s  o l i g o n u c l e o t i d e ' s  n u c le o t id e  s e q u en ce ,  shewn above  
and in  Table V I, a l s o  made i t  p o s s i b l e  to  determ ine the c o r r e c t  s e ­
quences fo r  o l i g o n u c l e o t i d e s  6 and 7 which c o n ta in e d  p o r t io n s  o f  t h i s  
o l i g o n u c l e o t i d e .  With th e  c h a r a c t e r i z a t i o n  o f  o l i g o n u c l e o t i d e s  5> 6 ,
7 and 8 (Table V i)  the n u c le o t id e  sequence o f  the f i r s t  35 n u c le o ­
t i d e s  from the 3' end o f  the  tRNA m olecu le  was known.
O l ig o n u c le o t id e  # 9 .  T able VI (DpCpDpApApGpGpCpmfGpCpCpUpGpApYp-  
Upm‘-JCpApApm1GpCpCpCpApGpGpUpApUpCpGpUpApApGpApUpGpm5CpApApGpApGpTp-  
YpCpGpApApUpCpUpCpUpUpApGp) . T h is  o l i g o n u c l e o t i d e  was a product o f  
the th ir d  p a r t i a l  Ti RNase d i g e s t i o n  (peak 1 3 ,  f ig u r e  2 1 ) .  P o s i t i v e  
i d e n t i f i c a t i o n  o f  some o f  the  prod ucts  from th e  Ti RNase d i g e s t i o n  
( f ig u r e  3 2 ) o f  t h i s  p u r i f i e d  o l i g o n u c l e o t i d e  showed th a t  i t  co n ta in ed
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DpCpDpApApGp, ApYpUpm5CpApApm1Gp, TpYpCpGp and ApApUpCpUpCpUpUpApGp. 
These p rod u cts  were s u f f i c i e n t  to  determ ine th e  e x t e n t  o f  the o l i g o ­
n u c le o t id e  and th e  o th e r  peaks in  f ig u r e  32 (p . 1 7 2 ) w ere assumed to  
c o n ta in  the Ti RNase p rod u cts  from the seq u en ces  c o n n e c t in g  th e  id e n ­
t i f i e d  s e q u e n c e s .  T h is  o l i g o n u c l e o t i d e  was u s e f u l  in  th e  seq u en ce  d e ­
te r m in a t io n  because i t  c o n ta in e d  the  d ih y d r o u r id in e  r e g i o n ,  th e  a n t i ­
codon r e g io n  and the TYCG r e g io n  t o g e th e r  in  one fragm ent o f  th e  tRNA.
To o b ta in  more in fo r m a t io n  about th e  sequ en ce  o f  th e  tRNA in  th e  
r e g io n  c o n ta in in g  th e  d ih y d r o u r id in e  r e s i d u e s ,  i t  was n e c e s s a r y  to  u se  
in fo rm a t io n  o b ta in ed  from o v e r la p s  o f  com plete  p a n c r e a t ic  RNase (Table  
IV) and Ti RNase (Table I I I )  d i g e s t i o n  p rod u cts  o f  th e  tRNA. The low er  
p o r t io n  o f  T able VI shows th e se  o v e r l a p s .  The m o d if ied  n u c le o t i d e s  
m2 'Gp and Dp make i t  p o s s i b l e  to  o v e r la p  the two Ti RNase p rod u cts  
Cpm£ , GpGp and DpCpDpApApGp w ith  th e  p a n c r e a t ic  RNase product m2 GpGpDp 
to  o b ta in  the sequence Cpm2 'GpGpDpCpDpApApGp. (This seq uence  w i l l  
s u b se q u e n t ly  be r e f e r r e d  to  a s  th e  D p -c o n ta in in g  s e g m e n t .)
With the i d e n t i f i c a t i o n  o f  t h i s  s e q u e n c e ,  th e r e  was a t o t a l  o f  
four  segments from the tRNA m olecu le  whose seq u en ces  w ere c o n c lu ­
s i v e l y  known, the o th e r  th r e e  b e in g  the  5 1 end ( o l i g o n u c l e o t i d e  # 3 ,  
Table VI ) ,  the  3'  end ( o l i g o n u c l e o t i d e  #8 , T ab le  V l ) ,  and th e  a n t i ­
codon r e g io n ,  ( o l i g o n u c l e o t i d e  # 4 ,  Table V i ) .  T o g e th e r ,  t h e s e  four  
segments c o n ta in e d  83 o f  th e  85 n u c le o t i d e s  o f  th e  tRNA, th e  84th  
r e s id u e  b eing  the a d en o s in e  a t  th e  3' end o f  th e  m o le c u le ,  and the  
8 5 th being  a Gp r e s id u e  which belonged  a t  the  3 '  end o f  e i t h e r  o l i g o ­
n u c le o t id e  #3, o l i g o n u c l e o t i d e  #4 or the D p -c o n ta in in g  segm ent. The 
p a n c r e a t ic  RNase d i g e s t i o n  product ApApGpGpCp (Table IV) which had
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not been found in  any o f  the fo u r  segm ents under d i s c u s s i o n  made i t  
p o s s i b l e  to  p la c e  the Gp r e s id u e  a t  th e  3 1 end o f  the D p -c o n ta in in g  
segm en t, because  i t  was th e  o n ly  one o f  th e  fo u r  segm ents which ended  
in  the  sequence  ApApGp, p r o v id in g  th e  n e c e s s a r y  o v e r la p  w ith  the f i r s t  
th r e e  n u c le o t i d e s  o f  the p a n c r e a t ic  RNase p ro d u ct .  T h is  ex ten d ed  the  
le n g th  o f  th e  D p -c o n ta in in g  segm ent, g iv i n g  th e  sequence  Cpm2 l GpGp- 
DpCpDpApApGpGpCp.
The a d d i t io n  o f  the two r e s id u e s  to  t h i s  segment made 86 t o t a l  
r e s id u e s  in  th e  four segm ents o f  the  tRNA m o le c u le .  S in c e  th e  tRNA 
was found to  c o n t a in  o n ly  85 r e s id u e s  (T ab les  I I I  and I V) ,  t h i s  i n ­
d ic a te d  t h a t  th e r e  was an o v e r la p  o f  one r e s id u e  between two o f  the  
four seg m en ts .  T h is  o v e r la p  would l o g i c a l l y  be between the  Cp a t  
the 3* end o f  the D p -c o n ta in in g  segment and the Cp a t  the 5* end o f  
o l i g o n u c l e o t i d e  # k , i n d i c a t i n g  t h a t  the D p -c o n ta in in g  segment would  
precede  o l i g o n u c l e o t i d e  § k , coming im m ed ia te ly  a f t e r  the  3' end 
segment ( o l i g o n u c l e o t i d e  # 3 ) .
A more r ig o r o u s  com parison o f  th e  two p o s s i b i l i t i e s  was in  o r d e r ,  
how ever, and was cond ucted  as f o l l o w s .  S in c e  th e  p o s i t i o n s  o f  the  5'  
end ( o l i g o n u c l e o t i d e  # 3 )  and th e  3 ' end ( o l i g o n u c l e o t i d e  #8 )  were  
f i x e d ,  o n ly  the ord er  o f  o l i g o n u c l e o t i d e  and the D p -c o n ta in in g  
segment had to  be deduced . There were two p o s s i b i l i t i e s .  Case I :
I f  th e  D p -c o n ta in in g  segment were p la ced  a f t e r  o l i g o n u c l e o t i d e  #3 and 
fo l lo w e d  by o l i g o n u c l e o t i d e  #4 (and th e n ,  o f  c o u r s e ,  o l i g o n u c l e o t i d e  
f s )  the f o l lo w in g  sequence would r e s u l t :
( # 5 )  ( f t )  ( # 8 )
ac4CpGpApGp/Cpm2 , GpGpDpCpDpApApGpGpCp/Cpm§GpCp. . .ApUpCpGp/UpApApGpApUp 
Case I I :  I f  o l i g o n u c l e o t i d e  were p laced  im m ediate ly  a f t e r  o l i g o ­
l ‘) l
n u c le o t id e  #3 and fo l lo w e d  by th e  D p -c o n ta in in g  segment and th en  by 
o l i g o n u c l e o t i d e  #8 , the  f o l lo w in g  sequence  would r e s u l t :
(# 5 )  ( f t )  ( # 8 )
ac4CpGpApGp/Cpm§GpCp.. .ApUpCpGp/Cpm2 , GpGpDpCpDpApApGpGpCp/UpApApGpApUp 
The Ti RNase d i g e s t i o n  p rod u cts  would o f  c o u r s e ,  be the same f o r  e i t h e r  
c a s e .  P a n c r e a t ic  RNase d i g e s t i o n  o f  the  two seq u en ces  w ou ld , how ever,  
g iv e  d i f f e r e n t  p r o d u c ts .  Case I  would g iv e  th e  f o l l o w in g  p a n c r e a t ic  
RNase prod ucts  in  the  r e g io n s  o f  a d jo in in g  segm ents:
GpApGpCp, m2 'GpGpDp, ApApGpGpCp, mfGpCp, GpUp, and ApApGpApUp 
The Case I I  sequence would g iv e  th e  fo l l o w in g  p a n c r e a t ic  RNase d i g e s ­
t i o n  prod ucts  from the r e g io n s  o f  a d jo in in g  segm ents:
GpApGpCp, m§GpCp, GpCp, m2 'GpGpDp, ApApGpGpCp, and ApApGpApUp 
The p a n c r e a t ic  RNase p rod u cts  GpApGpCp, m2 'GpGpDp, ApApGpGpCp, m^GpCp, 
ApApGpApUp which were p r e d ic te d  fo r  both c a s e s  were found (Table IV) .  
The d e c id in g  f a c t o r  was ,  t h e r e f o r e ,  w hether th e  p a n c r e a t ic  RNase d i ­
g e s t i o n  o f  the i n t a c t  tRNA (Table IV) y ie ld e d  GpUp (p rov in g  Case i )
GpCp (p ro v in g  Case I I ) or both  (p e r m it t in g  no c o n c lu s io n  to  be made).
I t  was found (Table IV) th a t  th e  p a n c r e a t ic  RNase product GpUp 
was p r e s e n t  but th a t  th e r e  was no d in u c le o t i d e  w ith  th e  sequence GpCp. 
This in d ic a te d  th a t  Case I  was th e  c o r r e c t  one and th a t  the sequence  
o f  the tRNA was th e  one shown in  th e  top s e c t i o n  o f  T ab le  VI, w ith  th e  
Cp r e s id u e  a t  th e  end o f  the D p -c o n ta in in g  segment b e in g  i d e n t i c a l  to  
the Cp a t  the  b eg in n in g  o f  o l i g o n u c l e o t i d e  Sh .
Having determ ined  th e  n u c le o t i d e  sequence o f  " ren atu rab le"  le u c in e  
tRNA, i t  was p o s s i b l e  to  arrange the l i n e a r  sequence  in t o  a secondary  
s t r u c t u r e  in  which the tRNA i s  fo ld ed  back on i t s e l f  to  form d ou b le -  
stran ded  hydrogen-bonded r e g i o n s .  A l l  tRNA's whose seq u en ces  are
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known (5 1 - 8 9 ) have been shown to  be a b le  to  f i t  in to  t h i s  " c lo v e r le a f "
model o f  secon dary  s t r u c t u r e .  The c l o v e r l e a f  arrangement f o r  " r e ­
natu rab le"  le u c in e  tRNA i s  shown in  f i g u r e  3^-
The 5' ant* 3 1 term in a l  ends o f  the tRNA are  arranged in  a hydro­
gen bonded r e g io n  ( th e  am inoacyl s tem ) th a t  c o n ta in s  sev en  base p a i r s .
This i s  tru e  o f  a l l  o th er  tRNA's o f  known sequence e x c e p t  S a lm o n e lla  
H i  styphimurium tRNA (6 1 )  which has e i g h t  base p a ir s  in  t h i s  stem and 
Meth
E. c o l i  tRNAf which has s i x .  The four  n u c le o t i d e s  a t  th e  3 '  end o f
th e  tRNA are n ot  base p a ir e d .  T h is  i s  true  fo r  a l l  tRNA's o f  known
H i  ssequence e x c e p t  S a lm o n e lla  typhimurium tRNA (6 1 )  and E. c o l i  
H i stRNA , in  which the fo u r th  r e s id u e  from the 3 1 end i s  hydrogen  
bonded to  th e  f i r s t  r e s id u e  a t  th e  5' en d . A l l  tRNA's have the  s e ­
quence CpCpAoH a t  t h e i r  3' term in a l e n d s ,  w ith  the a d en o s in e  b e in g  the  
r e s id u e  to  which th e  a p p r o p r ia te  amino a c id  i s  a t t a c h e d .  A l l  but e i g h t  
tRNA's whose seq u en ces  are known have been found to  have pGp as  the 5' 
term in a l r e s id u e .  Y east  tRNA^S  ̂ (5 6 )  has been found to  have pUp a t  
t h i s  p o s i t i o n ;  E. c o l i  su+ tRNA^r  ̂ (8 2 )  and E. c o l i  tRNA*^eU (6 1 )  have  
pAp; y e a s t  tRNATyr (8 3 ) ,  E. c o l i  tRNA^e th  (J 2 ) and T o r u lo p s is  u t i l i s
tRNA^yr (8 1 )  have pCp; b rew er 's  y e a s t  tRNA^® ( 5 l )  and b a k e r 's  y e a s t  
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tRNAjj ( 7 1 ) have a 5 ' term in a l pYp r e s id u e .
None o f  th e  tRNA's o f  known sequence  have been found to  have a 
m od ified  n u c le o t id e  in  the am inoacyl stem .
R esid ue #8 (numbering from the 5 ' en<* o f  the tRNA) has been  
found in  a l l  known tRNA's to  be e i t h e r  Up or a s u b s t i t u t e d  ( u s u a l ly  
s 4Up) u r id in e .  "Renaturable" y e a s t  l e u c in e  tRNA, has a Up a t  t h i s  
l o c a t i o n .
I t  can be seen  in  f ig u r e  3 l  th a t  t h i s  tRNA has a m2Gp a t  p o s i t i o n
FIGURE Jk  - -  N u c le o t id e  sequence o f  " ren atu rab le"  l e u c in e  
tRNA from b a k e r 's  y e a s t  arranged in  th e  " c lo v e r le a f"  model 
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1 0 .  In th e  o th e r  tRNA's which c o n ta in  a m2Gp r e s i d u e ,  y e a s t  tRNA^yr  
(85)»  y e a s t  tRNA1**16 ( j k ) ,  y e a s t  tRNA^rp ( 8 1 ) ,  wheat germ tRNAPhe ( 7 5 ) ,  
and T o r u lo p s is  u t i l i s  tRNA^yr (8 4 )  i t  i s  a l s o  a t  p o s i t i o n  1 0 .  T his  
i s  an example o f  the o b s e r v a t io n  from known tRNA seq u en ces  th a t  i f  a 
tRNA c o n ta in s  a g iv e n  m o d if ied  n u c le o t i d e ,  i t  u s u a l ly  o ccu rs  in  a 
s p e c i f i c  l o c a t i o n  or r e g io n  o f  the  tRNA.
The N4 - a c e t y l c y t i d i n e  i s  an o th er  example o f  a m o d if ied  n u c le o t i d e  
o c c u r r in g  in  a s p e c i f i c  l o c a t i o n .  In the tRNA's which c o n t a in  an 
ac4Cp r e s id u e  [ y e a s t  tRNA2 (7 7 )  and a l l  th r e e  sequenced s p e c i e s  o f  
r a t  l i v e r  tRNA^er  ( 7 8 )] i t  i s  a l s o  the th ir d  base in t o  t h i s  hydrogen-  
bonded r e g io n ,  a lth ou gh  in  the o th er  tRNA's i t  occu rs  a t  p o s i t i o n  I 3 
in s t e a d  o f  1 2 .
The hydrogen-bonded r e g io n  c o n ta in in g  m2GpCpac4Cp i s  termed the  
d ih y d ro u r id in e  stem because i t  precedes  the  d ih y d r o u r id in e  lo o p .  The 
stem has been found to  be o f  v a r ia b le  l e n g t h ,  c o n t a in in g  from 3 to  4 
base p a i r s ,  and the d ih y d r o u r id in e  loop has been observed  to  c o n ta in  
from 7 to  12 r e s id u e s .
The d ih y d r o u r id in e  loop  has been found to  c o n ta in  a t  l e a s t  one and 
as many as f i v e  d ih y d r o u r id in e  r e s id u e s  in  a l l  sequenced tRNA's e x c e p t  
E. c o l i  tRNAjjU ( 5 7 ) ,  and E. c o l i  tRNA^yr (su  ) ( 8 5 ) ,  which have no 
d ih y d r o u r id in e s  anywhere in  t h e i r  s e q u e n c e s .  D ih y d ro u r id in es  in  a l l  
but th e s e  two tRNA's have been found to  be lo c a te d  a t  v a r y in g  p o s i t i o n s  
in  the loop  and do n ot  seem to  be l im i t e d  to  any c e r t a i n  p o s i t i o n s .  
E igh t tRNA's a l s o  c o n ta in  a d ih y d r o u r id in e  r e s id u e  in  a n o th er  r e g io n  o f  
t h e i r  s e q u e n c e s ,  the m in i lo o p ,  in  a d d i t io n  to  th e  ones in  th e  d ih y d ro ­
u r id in e  loop: y e a s t  tRNA^3 ('> !) ,  y e a s t  ( 1 >‘ >), y e a s t  tRNA^rp
(2L), y e a s t  tRNA^yr ( i ' )» y e a s t  tRNA^3 *" (86 ), T o r u lo p s is  u t i l i s
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tRNAIleU  (6 5 ) ,  T o r u lo p s is  u t i l i s  tRNATyr ( 8 4 ) ,  and wheat g e m  
tRNAPhe (7 5 ) .
The d ih y d r o u r id in e  loop  o f  " ren atu rab le"  y e a s t  l e u c in e  tRNA a l s o  
c o n ta in s  a 2 1-O -m eth y lgu an osin e  r e s id u e  a t  p o s i t i o n  1 7 . T h ir te e n  
o th e r  known tRNA seq u en ces  c o n t a in  m2 'Gp in  the d ih y d r o u r id in e  lo o p .  
Y east tRNATrp ( 8 1 ) ,  E. c o l i  t R N A ^  ( 7 9 ) ,  y e a s t  tRNA|e r  ( 7 7 ) ,  the  
th r e e  s p e c i e s  o f  r a t  l i v e r  tRNA^e r  (7 8 ) ,  and E. c o l i  tRNA^yr (8 5 ) 
have t h i s  minor b ase  a t  p o s i t i o n  I 7 . I t  o ccu rs  a t  p o s i t i o n  I 9 in  the  
T4 coded tRNA*1611 (6 9 ) and a t  p o s i t i o n  18  in  E. c o l i  Kl2 tRNAg611 (6 6 ) ,
E. c o l i  B tRNALeU ( 6 5 ) ,  E. c o l i  Kl2 tRNAi6U ( 6 5 ) ,  y e a s t  tRNATyr ( 8 3 ) 
and T o r u lo p s is  u t i l i s  tRNATyr ( 8 4 ) .  Two o th er  tRNA's, y e a s t  
tRNA***16 (7 4 )  and w heat germ tRNA***16 ( 7 5 ) do not c o n ta in  m2 'Gp in  t h i s  
lo o p ,  but i t  i s  the  5 ' n u c le o t id e  in  t h e i r  a n t ic o d o n s .
The n ex t  m o d if ie d  n u c le o s id e  in  " ren atu rab le"  y e a s t  l e u c in e  
tRNA i s  N2 -d im e th y 1g u a n o s in e , which occu rs  a t  p o s i t i o n  27 and i s  the  
f i r s t  non-hydrogen bonded base  a f t e r  th e  d ih y d r o u r id in e  s tem . T his  
minor n u c le o t i d e  i s  n ot  found in  a l l  tRNA's, but when i t  does  occur  
in  a tRNA sequence  i t  i s  a lw ays a t  the p o s i t i o n  im m ed ia te ly  f o l lo w in g  
the  d ih y d r o u r id in e  s tem . A m§Gp has been found in  e l e v e n  tRNA s p e c i e s :
y e a s t  tRNA^*a ( 5I ) ,  y e a s t  tRNA**6r ( 77 ) ,  y e a s t  tRNA^yr ( 8 3 ) ,  y e a s t
1&2
tRNA***16 ( 7 4 ) ,  T o r u lo p s is  u t i l i s  tRNA**6U ( 6 3 ) ,  T o r u lo p s is  u t i l i s  
tRNATyr ( 8 4 ) ,  y e a s t  tRNA^yS ( 7 1 ) ,  B rew er's  y e a s t  tRNA^ 8 ( 5 4 ) ,  B rew er's  
y e a s t  tRNA^ 8 ( 5 5 ) ,  r a t  l i v e r  tRNA**6r ( 7 8 ) ,  and wheat germ tRNA***16 ( 7 5 ) .
The n ex t  r e g io n  o f  the c l o v e r l e a f  s t r u c t u r e  b e g in s  in  " ren a tu ­
rab le"  y e a s t  l e u c in e  tRNA w ith  the Cp im m ediate ly  f o l lo w in g  the m-iCp. 
This hydrogen bonded r e g io n  i s  termed the a n t ico d o n  stem . In a l l  
known tRNA seq u en ces  ('>1-89) e x c e p t  " ren atu rab le"  y e a s t  l e u c in e  tRNA,
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t h i s  stem  c o n t a in s  f i v e  hydrogen-bonded base p a i r s ,  and in  a l l  tRNA's
e x c e p t  " ren a tu ra b le"  y e a s t  l e u c in e  tRNA, the  a n t ic o d o n - c o n t a in in g  loop
which f o l l o w s  has sev en  n u c l e o t i d e s  in  i t .  "Renaturable"  y e a s t  l e u c in e
tRNA, as can be s e e n ,  has n in e  n u c le o t i d e s  in  th e  a n t ic o d o n  lo o p .  The
r ea so n  f o r  t h i s  d i f f e r e n c e  i s  the Cp r e s id u e  a t  p o s i t i o n  40 which does
n ot form a hydrogen  bonded p a ir  w ith  Ap a t  p o s i t i o n  3 2 .  As p r e v io u s ly
d i s c u s s e d ,  the  com p lete  Ti RNase d i g e s t i o n  (Table I I I )  c o n ta in e d  the
p e n ta n u c le o t id e  CpCpCpApGp but the  " ren a tu ra b le"  y e a s t  l e u c in e  tRNA
used fo r  th e  p a r t i a l  Ti RNase d i g e s t i o n  may have had a p seu d o u r id in e
in  t h i s  p e n t a n u c le o t id e .  The p resen ce  o f  a p seu d o u r id in e  a t  p o s i t i o n
10 makes a hydrogen bonded base p a ir  w ith  Ap p o s s i b l e ,  g iv i n g  the
standard  f i v e  base p a ir s  in  th e  a n t ic o d o n  stem and sev en  n u c le o t i d e s
in  the a n t ic o d o n  lo o p .  The " ren a tu ra b le"  y e a s t  l e u c in e  tRNA from the
f i r s t  i s o l a t i o n  ( f i g u r e  1 )  which was used f o r  th e  com p lete  T i RNase
d i g e s t i o n ,  had a much d i f f e r e n t  m o b i l i t y  on a B D - c e l lu lo s e  column
than the " ren a tu ra b le"  y e a s t  l e u c in e  tRNA from the second i s o l a t i o n
( f ig u r e s  3 and U) which was used f o r  th e  p a r t i a l  d i g e s t i o n s .  The
rea so n  fo r  t h i s  d i f f e r e n c e  i s  not known, but one or a l l  o f  s e v e r a l
f a c t o r s  might be in v o lv e d .  The f i r s t  p o s s i b i l i t y  i s  t h a t  th e r e  are
two s p e c i e s  o f  t h i s  tRNA, d i f f e r i n g  in  sequ en ce  o n ly  w ith  r e s p e c t  to
the n u c le o t i d e  a t  p o s i t i o n  Uo. T h is  s i n g l e  n u c le o t i d e  d i f f e r e n c e
co u ld  p o s s i b l y  be r e s p o n s ib le  fo r  the  d i f f e r e n t  chrom atographic
m o b i l i t y  on the B D - c e l lu lo s e  columns in  view  o f  the f a c t  th a t  a
H i sS a lm o n e lla  typhimurium tRNA (6 1 )  which norm ally  c o n t a in s  two 
p seu d o u r id in e  r e s id u e s  in  the a n t ic o d o n  r e g io n  (one In th e  l a s t  base  
p a ir  in  the stem  in  a p o s i t i o n  e q u iv a le n t  to  th e  " ren atu rab le"  y e a s t  
l e u c in e  tRNA p o s i t i o n  UO and an a d ja c e n t  Yp in  the a n t ic o d o n  lo o p )
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H i shas a d i f f e r e n t  chrom atographic m o b i l i t y  (2 9 )  from a mutant tRNA 
which la c k s  the enzyme th a t  c o n v e r t s  u r id in e  to  p seu d o u r id in e  and 
w h ich ,  t h e r e f o r e ,  d i f f e r s  in  sequence by h a v in g  u r id in e s  in s t e a d  o f  
p se u d o u r id in e s  a t  t h e s e  two p o s i t i o n s .
A second  e x p la n a t io n  cou ld  be th a t  th e r e  was r e a l l y  no d i f f e r e n c e
in  th e  sequence o f  the  two tRNA p r e p a r a t io n s ,  th a t  th e  p seu d o u r id in e
was somehow n ot  d e te c te d  in  the f i r s t  d i g e s t i o n  b ecause  i t  was p r e s e n t
in  low am ounts, p o s s ib ly  due to  th e  f a c t  th a t  p seu d o u r id in e  decom­
p o ses  when exposed to  UV l i g h t  (1 2 5 ) ,  an  ̂ th a t  the chrom atographic  
d i f f e r e n c e s  w ere a fu n c t io n  o f  the B D - c e l lu lo s e  i t s e l f  and n ot o f  the  
tRNA. For the  f i r s t  p u r i f i c a t i o n ,  newly prepared b e n z o y la te d  DEAE- 
c e l l u l o s e  which had been made in  an o i l  bath ( s e e  M ethods) was u se d .
In th e  su bseq u en t a ttem p ts  a t  p u r i f i c a t i o n  o f  th e  tRNA under th e  same
column c o n d i t io n s  used in  th e  f i r s t  p r e p a r a t io n  ( f i g u r e  1 ) ,  r e g e n e r a ­
ted  B D - c e l lu lo s e  or new B D - c e l lu lo s e  which had been prepared in  a h e a t ­
in g  m antle  had been u se d .  I t  was p o s s i b l e  th a t  the o i l  bath  provided  a 
h ig h e r ,  more c o n s ta n t  tem perature fo r  th e  b e n z o y la t io n  o f  the  DEAE- 
c e l l u l o s e  and th a t  the r e g e n e r a t io n  p r o c e s s  may have r e s u l t e d  in  the  
l o s s  o f  some o f  th e  ben zoy l groups th a t  w ere r e s p o n s i b le  fo r  making 
tRNA's t r a v e l  d i f f e r e n t l y  in  th e  column. Whatever the  r e a s o n ,  i t  was 
ob served  t h a t  in  some (but not a l l )  o f  th e  columns u s in g  th e  o i l  bath  
prepared B D - c e l l u l o s e ,  the  " ren a tu ra b le"  y e a s t  l e u c in e  tRNA was the  
f i r s t  tRNA s p e c i e s  to  move out o f  the column. But th e  tRNA never  was
the f i r s t  tRNA to  move out o f  a column o f  B D - c e l lu lo s e  th a t  had been
prepared in  the h e a t in g  m a n tle .  Whatever the rea so n  fo r  the d i f f e r e n t  
chrom atographic  m o b i l i t y ,  i t  n e c e s s i t a t e d  th e  developm ent o f  the second  
procedure ( f i g u r e s  > and 1* ) fo r  th e  p u r i f i c a t i o n  o f  " ren atu rab le"
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y e a s t  l e u c in e  tRNA.
The n e x t  r e g io n  o f  th e  tRNA c l o v e r l e a f  s t r u c t u r e  i s  the  a n t ico d o n  
lo o p ,  which c o n ta in s  the  a n t ic o d o n  t r i p l e t .  The n u c le o t id e s  in  t h i s  
loop ( u s u a l ly  s e v e n )  a re  n o t  hydrogen bonded, but base s ta c k in g  has  
been shown to  occur (102 )  in  s i n g l e  stran ded  r e g io n s  o f  tRNA ( i . e . ,  
the loop s  o f  the c l o v e r l e a f  m od el) .
The occu rren ce  o f  a p seu d o u r id in e  r e s id u e  in  the a n t ico d o n  loop
i s  a f e a tu r e  o f  s e v e r a l  o th e r  tRNA's. Four o th er  tRNA's have a Yp a t
th e  same p o s i t i o n  in  the loop  as " ren atu rab le"  y e a s t  l e u c in e  tRNA:
y e a s t  tRNA^Sp ( 5 6 ) ,  E. c o l i  tRNA***18 (7 6 ) ,  y e a s t  tRNAVa* (8 6 ) and
Va 1T o r u lo p s is  u t i l i s  tRNA (8 7 ) .  Ten o th e r  tRNA's have a Yp a t  o th er
A I s  \l o c a t i o n s  in  the a n t ic o d o n  loop :  y e a s t  tRNA ( 5 1 ) ,  S a lm on ella
typhimurium tRNA^S ( 6 1 ) ,  E. c o l i  tRNA^^S ( 6 2 ) ,  E. c o l i  B tRNA^eU (6 5 ) ,  
E. c o l i  Kl2 tRNAi8U (6 5 ) ,  E. c o l i  Kl2 tRNAg88  (6 6 ) ,  y e a s t  tRNA^8^ ( 7 7 ) .  
y e a s t  tRNA^r (8 5 ) ,  and T o r u lo p s is  u t i l i s  tRNA^r (8^+).
A l l  tRNA's whose seq u en ces  have been determ ined  have been found 
to  have a Up on th e  5 1 s id e  o f  the a n t ico d o n  t r i p l e t  (5I - 8 9 ) .  "Re­
n atu rab le"  y e a s t  l e u c in e  tRNA a l s o  c o n ta in s  a Up a t  t h i s  p o s i t i o n .
The a n t ico d o n  o f  " ren atu rab le"  y e a s t  l e u c in e  tRNA was found to  be 
mbCpApAp. T his i s  in  agreement w ith  codon r e c o g n i t io n  s t u d i e s  (126 )  in  
which t h i s  tRNA was found to  p la c e  l e u c in e  in t o  a p ep t id e  ch a in  in  
resp o n se  to  the codon UpUpGp. T his  in d ic a te d  th a t  th e  a n t ico d o n  in  
the tRNA was CpApAp. The p resen ce  o f  a m5Cp in s t e a d  o f  a Cp in  the  
a n t ic o d o n  does not a f f e c t  the  base p a ir in g  between the codon and a n t i ­
codon. "Renaturable" y e a s t  l e u c in e  tRNA i s  th e  o n ly  tRNA w ith  a m̂ Cp 
in  the a n t ic o d o n ,  a lth ou gh  an oth er  s u b s t i t u t e d  Cp r e s i d u e ,  2 ' - 0 -  
m e t h y l c y t i d i n e , was found in  the a n t ico d o n  o f  y e a s t  tRNA^rp ( 8 1 ) ,  and
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an u n i d e n t i f i e d  s u b s t i t u t e d  Cp was found in  the a n t ico d o n  o f  E. c o l i
tRNA116** ( 7 3 ) .m ' '
The a n t ico d o n  i s  a lw ays fo l lo w e d  on th e  3' s id e  by a purine  
n u c le o t id e  (5I - 8 9 ) .  Most o f  th e  tRNA's have an ad en os in e  or a sub­
s t i t u t e d  a d en o s in e  a t  t h i s  p o s i t i o n .  There are o n ly  n in e  tRNA's in
a d d i t io n  to  " ren atu rab le"  y e a s t  l e u c in e  tRNA which have a Gp or  su b-
Ala
s t i t u t e d  Gp im m ediate ly  f o l lo w in g  th e  a n t ic o d o n :  Y east  tRNA (51)
has a m1 Ip a t  t h i s  p o s i t i o n ;  y e a s t  tRNA**e (7*0 and wheat germ 
Ph6tRNA (7 5 )  have th e  Y base a t  t h i s  p o s i t i o n .  S ta p h y lo co ccu s  
e p id e r m id is  tRNA^y (6 0 ) ,  S ta p h y lo ccu s  aureus H tRNA^y (5 9 ) and E. 
c o l i  tRNA^*® (5 3 )  a l l  have a Gp a t  t h i s  p o s i t i o n ;  E. c o l i  B tRNALeu 
(6 5 ) ,  E. c o l i  K12 tRNA^eu (6 5 ) ,  and E. c o l i  Kl2 tRNA^611 (66) have an un­
i d e n t i f i e d  s u b s t i t u t e d  Gp; and the  o n ly  o th er  tRNA w ith  a m1Gp a t  
t h i s  p o s i t i o n  i s  y e a s t  tRNA^8  ̂ ( 5 6 ) .
The n e x t  hydrogen-bonded r e g io n  o f  " ren atu rab le"  y e a s t  l e u c in e  
tRNA ( f ig u r e  3*0 I s c a l l e d  th e  m in i lo o p .  T h is  tRNA has a m in ilo o p  
which c o n ta in s  12 n u c l e o t i d e s ,  8 o f  which are in v o lv e d  in  hydrogen  
bonded p a i r s .  The m in ilo o p s  o f  o th e r  tRNA's u s u a l ly  have 2 to  U nu­
c l e o t i d e s ,  a lth ou gh  a few have 12 to  1U n u c l e o t i d e s .  The T4 coded
|  P  Q
tRNA has the lo n g e s t  m in ilo o p  found so f a r ,  w ith  I 7 n u c l e o t i d e s  in  
i t .  I t  i s  the  v a r i a t i o n s  in  the number o f  n u c le o t id e s  in  t h i s  r e g io n  
o f  the tRNA's which a cco u n ts  fo r  v a r i a t i o n s  in  tRNA m olecu lar  w e ig h t s .
A lthough " ren a tu ra b le"  y e a s t  l e u c in e  tRNA c o n ta in s  no s u b s t i t u t e d  
b ases  in  i t s  m in i lo o p ,  many tRNA's do (5I - 8 9 ) ,  th e  most freq u en t  one 
b ein g  m^Gp.
The n u c le o t id e  between th e  m in iloop  and the TYCG stem in  " re -  
naturuble"  y e a s t  l e u c in e  tRNA i s  nr’Cp. A mJCp i s  found a t  t h i s
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p o s i t i o n  in  s e v e r a l  tRNA's: y e a s t  tRNA^er ( 7 7 ) ,  y e a s t  tRNA^r (H3 ) ,
y e a s t  tRNA^ 6 (jk ) ,  y e a s t  tRNA^3  ̂ (8 6 ) ,  T o r u lo p s is  u t i l i s  tRNA*^eu  
(63 )> b rew er 's  y e a s t  tRNA^S  ̂ (5 6 ) ,  T o r u lo p s is  u t i l i s  tRNA^3  ̂ ( 8 7 ) ,  
T o r u lo p s is  u t i l i s  tRNA^r ( 8 4 ) ,  r a t  l i v e r  tRNA^er  (7 8 ) .  Not a l l  
tRNA's have been found to  c o n ta in  a m5Cp r e s i d u e ,  but when a m5Cp i s  
p r e s e n t ,  i t  always occu rs  im m ediate ly  b e fo re  the TYC stem or i s  the  
f i r s t  n u c le o t id e  in  the s tem . ( in  th e  l a t t e r  c a s e ,  i t  i s  found in  the  
f i r s t  base p a ir  o f  the s t e m . ) "Renaturable" y e a s t  l e u c in e  tRNA i s  the  
o n ly  sequenced tRNA which c o n ta in s  two m5Cp r e s id u e s .
I t  has a l s o  been found (5I - 8 9 ) th a t  th e  tRNA's which have a Cp 
or nr’Cp a t  the p o s i t i o n  im m ediate ly  b e fo r e  the TyC stem have an 
. . .A p G p . . .  sequence in  the  d ih y d ro u r id in e  lo o p .  Those tRNA's w ith  a 
Up im m ediate ly  b e fo re  the TYC stem have an . . .A p A p . . .  sequence in  the  
d ih y d ro u r id in e  lo o p .  T h is  s u g g e s t s  th a t  the G-C or A-U hydrogen-  
bonded base p a ir  th a t  co u ld  be formed when the  two r e g io n s  were fo ld e d  
over each o th er  i s  a common f e a t u r e  in  tRNA t e r t i a r y  s t r u c t u r e .  T his  
id ea  was supported  by the  o b s e r v a t io n  (127) th a t  an E. c o l i  su jj-j  
tRNA^r mutant in  which the G a t  p o s i t i o n  15 in  the d ih y d r o u r id in e  
loop was r ep la ced  by an A and had one more C r e s id u e  th a t  was r e a c t i v e  
toward methoxyamine (a r e a g e n t  s p e c i f i c  fo r  C r e s i d u e s )  than th e  tRNA 
th a t  had a G a t  p o s i t i o n  1 5 .  The C was found to  be a t  the p o s i t i o n  
im m ediate ly  b e fo re  the TyC stem . The e v id e n c e  s u g g e s te d  th a t  in  the  
tRNA w ith  a Gi5 , t h i s  C was in v o lv e d  in  hydrogen bonded base p a ir in g  
and was r e s i s t a n t  to  methoxyamine. In the tRNA w ith  an A i5 , no base  
p a ir  was p o s s i b l e ,  and the C was a v a i l a b l e  to  the r e a g e n t .
The next  re g io n  of  the c l o v e r l e a f  o f  "renaturab le"  y e a s t  l e u c i n e  
tRNA i s  the TyC stem. In a l l  tRNA's sequenced to  d a t e ,  t h i s  r e g i o n
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has been found to  c o n ta in  f i v e  hydrogen-bonded base p a i r s ,  w ith  the  
l a s t  one u s u a l ly  b e in g  a G-C p a ir .
The TYC lo o p ,  which fo l lo w s  the TYC s tem , was found to  c o n ta in  
seven  n u c le o t i d e s  in  " ren atu rab le"  y e a s t  l e u c in e  tRNA as w e l l  a s  in  
a l l  tRNA's th a t  have been sequ en ced . In  most tRNA's the f i r s t  four  
n u c le o t i d e s  o f  th e  loop are TpYpCpGp, but th e r e  are  some e x c e p t i o n s .
The sequ en ce  TpYpCpAp has been found in  E. c o l i  tRNA^e t  ( 7 2 ) ,  E. c o l i  
K12 tRNA26U (66 ) ,  E. c o l i  B and Kl2 tRNAi*eu (65 ) ,  E. c o l i  tRNAI le u  (6k ) ,  
y e a s t  tRNA^ * 3 ( 8 1 ) ,  y e a s t  tRNA^S  ̂ (5 6 ) ,  T4 coded tRNA^er ( 8 0 ) ,  y e a s t  
tRNAi0r (7 7 ) ,  and E. c o l i  tRNA^® (5 3 ) -  There are a l s o  th ree  r e c e n t l y  
sequenced b a c t e r i a l  tRNA's which have been found to  be in v o lv e d  in  
c e l l  w a l l  s y t h e s i s  but which do not f u n c t io n  in  p r o t e in  s y n t h e s i s .
The on ly  apparent d i f f e r e n c e  between th e s e  tRNA's [ S ta p h y lo co ccu s  
aureus H tRNA^^ ( 3 9 ) ,  S ta p h y lo c o c c u s  e p id e r m id is  tRNA^^ (6 0 )  and 
S ta p h y lo co ccu s  e p id e r m id is  tRNA^^ ( 6 0 ) ]  and tRNA's which fu n c t io n  in  
p r o t e in  s y n t h e s i s  i s  th a t  th e s e  th r e e  c o n t a in  the  sequ en ce  UpGpCpAp 
in s te a d  o f  TpYpCpGp or TpYpCpAp as the f i r s t  four n u c le o t i d e s  in  the  
TYC lo o p .  S in c e  the  TpYpCpGp(Ap) t e t r a n u c l e o t i d e  has been proposed to  
be r eq u ir ed  fo r  b in d in g  o f  the tRNA to  th e  ribosom e in  p r o t e in  s y n th e ­
s i s  (128), the change in  th e s e  th r e e  tRNA's cou ld  be a r e f l e c t i o n  o f  
the f a c t  th a t  the tRNA's do not bind to  r ibosom es in  th e  p r o c e s s  o f  
c e l l  w a l l  s y n t h e s i s .
I t  has a l s o  been observed  th a t  in  a l l  tRNA's (5I - 8 9 ) an Ap r e s i ­
due (or a n^Ap) i s  the  f i f t h  n u c le o t id e  in  th e  lo o p ,  e x c e p t  in  T4 
tRNA^eU which has a Up a t  t h i s  p o s i t i o n  (6 9 ) .
The l a s t  four n u c le o t id e s  in  the am inoacyl stem o f  a l l  tRNA's 
e x c e p t  S a lm o n e lla  typhimurium tRNA^^S ( 9 1 )  and E.  c o l i  tRNA^*"S (98)
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are not in v o lv e d  in  hydrogen-bonded base p a ir i n g .  The l a s t  th r e e  
n u c le o t i d e s  a t  the 3 1 end o f  a l l  tRNA's (5I - 8 9 ) have been found to  be 
CpCpAo , and th e  fo u r th  r e s id u e  from th e  3' end i s  u s u a l ly  Ap as i t  
i s  in  " ren atu rab le"  y e a s t  l e u c in e  tRNA ( f i g u r e  3 1 ) .  S e v e r a l  tRNA's, 
how ever, have a Gp a t  t h i s  p o s i t i o n  [ y e a s t  tRNA^Sp (5 6 ) ,  y e a s t  
tR N A jj| ( 5 5 ) ,  E. c o l i  tRNAj”U ( 5 7 ) ,  y e a s t  t R N A ^  ( 7 7 ) ,  E. c o l i  
tRNA?er  (7 9 ) ,  E. c o l i  su+ and s u “ tRNATrp ( 8 2 ) ,  T4 tRNASer ( 8 0 ) ,  and 
b a k e r 's  y e a s t  tRNA^jS (7 1 ) ] ,  a few have a Up a t  t h i s  p o s i t i o n  
rS a lm o n e lla  typhimurium tRNAx^ ( 5 8 ) ,  y e a s t  tRNA^S ( 7 0 ) ,  E. c o l i  B.
tRNAj^u (57 ) and S t a p h y lo c o c c u s  e p id e r m i d i s  tRNAi*^ (6 0 )] and
H is  H i s
S a lm on e l la  typhimurium tRNA (6 1 )  and E. c o l i  tRNA (6 2 ) have a
Cp a t  t h i s  p o s i t i o n .
In a d d i t io n  to  t h i s  com parison  o f  " ren a tu ra b le"  y e a s t  l e u c in e  
tRNA w ith  a l l  o f  the o th e r  tRNA's o f  known s e q u e n c e ,  a b r i e f  com pari­
son w ith  o th e r  l e u c in e  tRNA's would perhaps be in  o r d e r .  There are  
four o th e r  l e u c in e  tRNA's whose seq u en ces  have been d eterm in ed . They 
are E. c o l i  B tRNA^0U (6 5 ) ,  E. c o l i  Kl2 tRNAi0U (6 5 ) ( t h e s e  seq u en ces  
are i d e n t i c a l  e x c e p t  f o r  one n u c l e o t i d e ) ,  E. c o l i  K l2 tRNAg^ (6 6 ) ,  
and T4 phage coded tRNA^eu (6 9 ) .
There are no apparent s i m i l a r i t i e s  in  seq uence  between t h e s e  four  
tRNA's and " ren atu rab le"  y e a s t  l e u c in e  tRNA, and th e  E. c o l i  and T4 
l e u c in e  tRNA's were found to  c o n t a in  few er minor n u c l e o t i d e s ,  h av in g  
o n ly  Dp, m2 'Gp, ¥p , Tp, a s u b s t i t u t e d  Gp or Ap a d ja c e n t  to  th e  a n t i ­
codon and, in  the ca se  o f  T4 tRNA^eU , a s u b s t i t u t e d  u r id in e  in  the  
a n t ic o d o n .  A l l  f i v e  have ApCpCpAon a t  the 3' end o f  the m o lecu le  and 
a l l  have th r e e  base p a ir s  in  the d ih y d r o u r id in c  stem and a d ih y d r o ­
u r id in e  loop c o n s i s t i n g  o f  e l e v e n  n u c l e o t i d e s ,  c o n t a in in g  a rn'-'cp
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r e s i d u e .  The th r e e  tRNA from E. c o l i  have TpYpCpAp w h i le  the T4 
and " ren a tu ra b le"  y e a s t  l e u c in e  tRNA have TpYpCpGp. These f i v e  
l e u c in e  tRNA's c o n t a in  a n t ic o d o n s  fo r  fou r  o f  th e  s i x  p o s s i b l e  codons  
( 7  ) which s p e c i f y  le u c in e  in  a p e p t id e  c h a in .  E. c o l i  B and Kl2  
tRNAieu have CAG as an a n t ic o d o n ,  E. c o l i  i£l2 tRNA^ 611 has GAG, T4 
tRNA^eu has U*AA, and " ren a tu ra b le"  y e a s t  l e u c in e  tRNA has m5CAA.
The o n ly  r e a l l y  o u ts ta n d in g  s i m i l a r i t y  betw een the  f i v e  l e u c in e  
tRNA's i s  th e  f a c t  th a t  they  a l l  c o n t a in  an u n u s u a l ly  lo n g  m in i lo o p .  
Most known tRNA's have m in ilo o p s  c o n t a in in g  from 2 to  U n u c le o t i d e s  
w ith  the o n ly  e x c e p t io n s  b e in g  th e  E. c o l i  tRNA*^r (8 5 ) and a l l  o f  
the known s e r in e  tRNA's ffrom  E. c o l i  (7 9 ) ,  r a t  l i v e r  (7 8 ) ,  y e a s t  (7 7 ) 
and T4 phage ( 8 0 ) ]  which a l l  c o n t a in  from 12 to  I 7 n u c l e o t i d e s  in
T o i l  T p  t |
t h e i r  m in i lo o p s .  The E. c o l i  B tRNA and Kl2 tRNAi have 1U 
n u c le o t i d e s  in  t h e i r  m in i lo o p s ,  g i v i n g  them a t o t a l  le n g th  o f  87 
n u c l e o t i d e s .  E. c o l i  Kl2 tRNA^ 611 has 1^ n u c le o t i d e s  in  i t s  m in i lo o p ,
T4 tRNA^eu has 18 and " ren a tu ra b le"  y e a s t  l e u c in e  tRNA has 1 2 ,  g iv i n g  
t h e s e  tRNA's a t o t a l  o f  8 7 , 9^ and 85 n u c l e o t i d e s ,  r e s p e c t i v e l y .  T h is  
makes them, a lo n g  w ith  th e  o th e r  f i v e  tRNA's w ith  lo n g  m in i lo o p s ,  have  
a la r g e r  m o lecu la r  w e ig h t  than most o th e r  tRNA's.
There have been no s t u d i e s  cond ucted  to  determ ine  i f  th e  m in i­
loop  in  the l e u c in e  tRNA's i s  s p e c i f i c a l l y  re q u ir e d  fo r  any tRNA 
f u n c t io n  such a s  aminoacyl-tRNA s y n th e t a s e  r e c o g n i t i o n ,  but i t  may 
be a t  l e a s t  re q u ir e d  fo r  th e  m aintenance o f  the s p e c i f i c  t e r t i a r y  
s t r u c t u r e  req u ir ed  fo r  the  s y n th e t a s e  r e c o g n i t i o n .  There i s  e v i d e n t l y  
some fu n c t io n a l  requ irem ent fo r  t h i s  r e g io n  e i t h e r  d i r e c t l y  or i n ­
d i r e c t l y ,  because i t  was m ain ta ined  du rin g  th e  e v o lu t io n a r y  p r o c e s s .  
T his  i s  e s p e c i a l l y  e v id e n t  in  the s e r in e  tRNA's where i t  was m ainta ined
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in  the  b a c t e r i a l ,  th e  y e a s t  and th e  mammalian tRNA's.
From t h i s  com parison  o f  th e  c h a r a c t e r i s t i c s  o f  th e  c l o v e r l e a f  
and th e  l o c a t i o n  o f  m o d if ie d  n u c l e o t i d e s ,  i t  can be s e e n  th a t  " r e ­
n a tu ra b le"  y e a s t  l e u c in e  tRNA f o l lo w s  most o f  the g e n e r a l  p a t t e r n s  
p r e v io u s ly  found in  o th e r  tRNA s p e c i e s .  The s i m i l a r i t i e s  th a t  have  
been found between th e  v a r io u s  tRNA's s t r o n g ly  in d i c a t e  a common 
o r i g i n  as w e l l  a s  a very  l i m i t e d  range o f  a l lo w a b le  m u ta t io n a l  
changes in  t h e i r  e v o lu t io n a r y  d eve lop m en t.  The r e s i s t a n c e  to  muta­
t i o n a l  change in  c e r t a i n  r e g io n s  o f  tRNA n u c le o t id e  seq u en ces  i n ­
d i c a t e s  th e  im portance o f  th e  primary sequence in  m a in ta in in g  the  
s p e c i f i c  second ary  and t e r t i a r y  s t r u c t u r e  th a t  i s  r eq u ir ed  fo r  the  
fu n c t io n s  o f  the tRNA m o le c u le :  co d o n -a n t ic o d o n  hydrogen bonding to
the m essenger RNA m o le c u le ,  r ibosom al b in d in g ,  and the m aintenance  
o f  a s p e c i f i c  t e r t i a r y  s t r u c t u r e  r e c o g n iz e d  by a s p e c i f i c  a m in o a cy l-  
tRNA s y n t h e t a s e .
The n u c le o t i d e  sequ en ce  fo r  " ren atu rab le"  y e a s t  l e u c in e  tRNA (6 7 )
( f i g u r e  3*0 was d e te r m in e d ,  as  d e s c r ib e d  in  t h i s  d i s s e r t a t i o n ,  by
a d a p ta t io n s  o f  the  methods used by H o l le y  (5 1 )  in  h i s  d e te r m in a t io n
A lao f  th e  f i r s t  known tRNA s e q u e n c e ,  t h a t  o f  y e a s t  tRNA . The sequence  
o f  th,_ same tRNA which was p u r i f i e d  from y e a s t  by g e l  f i l t r a t i o n  and 
p o ly a cr y la m id e  g e l  e l e c t r o p h o r e s i s  (129) was determ ined  by K o w a lsk i ,  e t  
a l .  (6 8 )  u s in g  th e  two d im en s io n a l e l e c t r o p h o r e s i s  method d ev e lo p ed  by 
Sanger ( 90 ) fo r  th e  s e p a r a t io n  o f  32P la b e le d  RNase d i g e s t i o n  prod u cts  
o f  tRNA. T h is  was p robab ly  th e  f i r s t  in s t a n c e  o f  a s im u lta n eo u s  and 
ind ep endent d e te r m in a t io n  o f  th e  seq u en ce  o f  a tRNA by both o f  t h e s e  
m ethods.
The sequence  o b ta in e d  by K o w a lsk i,  c t  a l .  ((>8) i s  shown in
FIGURE 35 “■ N u c le o t id e  sequence  determ ined  by K ow alsk i,  
e t  a l .  (6 8 )  fo r  " denatu rab le"  l e u c in e  tRNA from b a k e r 's  y e a s t  
The t e n t a t i v e  i d e n t i f i c a t i o n  o f  the m o d if ie d  n u c le o t id e s  
( in d ic a t e d  by a s t e r i s k s )  agreed  w ith  the p o s i t i v e  i d e n t i f i c a ­
t io n  g iv e n  fo r  the  c o r r e s p o n d in g ly  p o s i t io n e d  n u c le o t id e s  in  
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f ig u r e  35- A lthough t h i s  sequen ce  i s  not i d e n t i c a l  to  the  sequence  
shown in  f i g u r e  , i t  can be s e e n  th a t  th e r e  i s  good agreem ent be­
tween th e  r e s u l t s  o b ta in ed  by the two m ethods. W hile c o n c lu s iv e  
i d e n t i f i c a t i o n  o f  the minor n u c le o t i d e s  was not made in  th e  Kowalski  
se q u e n c e ,  t h e i r  t e n t a t i v e  i d e n t i f i c a t i o n  (6 8 ) a g r e e s  w ith  th e  m od if ied  
b a ses  which w ere i s o l a t e d  and c o n c l u s i v e l y  i d e n t i f i e d  ( 6 j ,  and t h i s  
d i s s e r t a t i o n ) .
In a com parison o f  th e  two seq u en ces  (F ig u r e s  Jk  and 3 5 )  i t  ca n 
be se e n  th a t  th e r e  are  th r e e  p o in t s  o f  d isa g reem en t  between them.
(1 )  Our sequence (F igure  3*0 has . . .D p C p D p .. .  in  th e  d ih y d r o u r id in e  
lo o p ,  w h i le  t h e i r s  has . . .DpDpCp. . . ;  (2 )  Our seq uence  has a m5CpApAp 
a n t ic o d o n  w h i le  t h e i r s  has an u n s u b s t i tu te d  CpApAp; (3 )  we found a 
Cp w ith  in d ic a t i o n s  o f  a Yp a t  p o s i t i o n  1+0 in  th e  a n t ic o d o n  s tem ,  
w h i le  th ey  found a Yp a t  t h i s  p o s i t i o n .  S in c e  th e  p u b l ic a t io n  o f  
t h e s e  two seq u en ces  (6 J  and 6 8 ) ,  we have r e c e iv e d  in fo r m a t io n  in  
communications w ith  J.G. C h ir ik j ia n  from J .R . F r e s c o ' s  r e se a r c h  group 
th a t  subsequent experim ents  showed th a t  the d ih y d r o u r id in e  loop  s e ­
quence was indeed  . . .D p C p D p .. .  and th a t  a m5Cp was found in  the  a n t i ­
codon. A lthough we cann ot d e f i n i t e l y  co n c lud e  th a t  the Yp r e s id u e  a t  
p o s i t i o n  UO i s  c o r r e c t  w ith o u t  f in d in g  t h i s  Yp in  " ren atu rab le"  y e a s t  
l e u c in e  tRNA th a t  has the  same chrom atographic p r o p e r t ie s  on BD- 
c e l l u l o s e  column as the f i r s t  p r e p a r a t io n  o f  the tRNA, we d id  f in d  
t h i s  Yp r e s id u e  in  our second p r e p a r a t io n  o f  the tRNA.
I t  would seem, t h e r e f o r e ,  th a t  both seq u en ces  are  o f  the same
tRNA.
Having determ ined  the n u c le o t id e  sequence o f  " ren atu rab le"  y e a s t  
l e u c in e  tRNA, i t  was o f  i n t e r e s t  to  examine f e a t u r e s  o f  the sequence
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which might p o s s i b l y  be in v o lv e d  in  the  secon dary  an d /or  t e r t i a r y  con ­
fo rm a t io n a l  d i f f e r e n c e s  between the n a t iv e  and the denatured forms o f  
the tRNA.
One such s p e c u la t io n  about th e  e f f e c t  o f  primary sequence on 
t e r t i a r y  s t r u c t u r e  grew ou t o f  h igh  r e s o l u t i o n  NMR s t u d i e s  o f  the  
hydrogen bonded p rotons  in  the two forms o f  the tRNA. These s t u d i e s  
were conducted  by Wong and Kearns (130 )  u s in g  sam ples o f  the p u r i f i e d  
tRNA ob ta in ed  from t h i s  la b o r a to r y  and from F r e s c o 's  la b o r a to r y .  
P re v io u s  s t u d i e s  o f  the proton  NMR s p e c tr a  o f  tRNA (131 > 1 3 2 )  had 
in d ic a te d  th a t  the r in g  n i t r o g e n  protons o f  hydrogen bonded A-U base  
p a ir s  w ere r e s p o n s ib le  fo r  low f i e l d  reson an ce  in  the  r e g io n  between  
- 1 3 .3  to  - I 5 ppm d o w n fie ld  from the  DDS standard  ( 2 ,2 -d im e th y l -2 -  
s i l a p e n t a n e - 5 - s u l f o n a t e ) ,  and th a t  G-C base p a ir s  were r e s p o n s ib le  
fo r  reson an ce  e x te n d in g  from -11  to  - 1 2 .8  ppm. S in c e  one proton  per  
base p a ir  was concluded  to  c o n t r ib u t e  to  the r e s o n a n c e ,  i t  was p o s ­
s i b l e  to  e s t im a te  th e  number o f  base p a ir s  in  th e  two forms o f  th e  
"ren atu rab le"  y e a s t  l e u c in e  tRNA, and to  r a th e r  a c c u r a t e ly  determ ine  
the changes in  the t o t a l  number o f  base p a ir s  by com parison o f  the  
s p e c tr a  o f  a sample b e fo r e  and a f t e r  r e n a t u r a t i o n , measured under th e  
same instrum ent c o n d i t i o n s .  Wong and Kearns concluded  th a t  in  go in g  
from the n a t iv e  to  the denatured  s t a t e  th e r e  i s  a l o s s  o f  J - k  G-C 
p a ir s  and a g a in  o f  1 - 2  A-U p a i r s .  They su g g e s te d  th a t  perhaps the  
l o s s  o f  3-U G-C p a ir s  co u ld  b e s t  be e x p la in e d  by the open ing  o f  the  
d ih y d r o u r id in e  stem  where the th r e e  G-C base p a ir s  in c lu d e  one p a ir  
w ith  a c4Cp and one w ith  m2Gp. "Renaturable" y e a s t  l e u c in e  tRNA i s  
the o n ly  tRNA w ith  two m o d if ied  b ases  in  the d ih y d ro u r id in e  stem  
( s l -8 9 ) ,  and i t  i s  very  l i k e l y  th a t  the s u b s t i t u e n t s  would weaken the
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base p a ir i n g ,  making t h i s  stem  r a th e r  u n s ta b le  and e a s i l y  opened.  
U hlenbeck, e t  a l . ,  have reached  a s im i l a r  c o n c lu s io n  about th e  open ing  
o f  the d ih y d r o u r id in e  stem  upon d e n a tu r a t io n  in  t h e i r  i n v e s t i g a t i o n s  
o f  the b in d in g  o f  o l i g o n u c l e o t i d e s  t o  the tRNA (153)*
Some in fo rm a tio n  about th e  t e r t i a r y  s t r u c tu r e  o f  th e  tRNA can  
a l s o  be ob ta in ed  by an o b s e r v a t io n  o f  the o l i g o n u c l e o t i d e s  ob ta in ed  
from the p a r t i a l  d i g e s t i o n s  o f  the tRNA w ith  Ti RNase. A lthough the  
tRNA had been e x t e n s i v e l y  d ia ly z e d  to  remove Mg and w a s ,  t h e r e f o r e ,  
not in  i t s  n a t iv e  c o n f ig u r a t i o n ,  i t  e v i d e n t l y  r e ta in e d  some o f  i t s  
t e r t i a r y  s t r u c t u r e ,  because  th ere  were p r e f e r e n t i a l  p o in t s  o f  d i g e s ­
t i o n  by the Ti RNase. T h is  in d ic a te d  th a t  some r e g io n s  o f  the tRNA 
were more exposed and thus s u s c e p t i b e l  t o  the a c t io n  o f  Ti RNase than  
oth er  r e g i o n s .  Judging from the o l i g o n u c l e o t i d e s  ob ta in ed  in  the  
p a r t i a l  Ti RNase d i g e s t i o n s  (Table V I ) ,  the  d ih y d r o u r id in e  loop  was 
the most r e a d i ly  d ig e s t e d  r e g io n  o f  th e  tRNA. The d ih y d ro u r id in e  
stem was a l s o  r a th e r  s u s c e p t i b l e  to  th e  enzyme. The TpYpCpGp loop  
and stem and the 3 ' h a l f  o f  the  m in ilo o p  seemed t o  be about e q u a l ly  
exposed to  the enzyme a c t i o n ,  w ith  th e  Gp in  the 3 ' stem b e in g  on ly  
s l i g h t l y  l e s s  f r e q u e n t ly  a s i t e  o f  a t t a c k .  The e n t i r e  a n t ico d o n  loop  
to  the f i r s t  Gp r e s id u e  o f  the m in i lo o p ,  how ever, was never degraded  
in  the p a r t i a l  Ti RNase d i g e s t i o n s .  T h is  i n d i c a t e s  th a t  t h i s  p o r t io n  
o f  the tRNA had a v ery  compact t e r t i a r y  s t r u c tu r e  in  which th e  Gp 
r e s id u e s  were not r e a d i ly  a v a i l a b l e  fo r  a c t io n  o f  the r i b o n u c le a s e .
I t  might a l s o  have been p o s s i b l e  th a t  the tRNA was fo ld e d  back 
on i t s e l f  in  such a way th a t  the  a n t ico d o n  loop was a b le  to  form 
hydrogen bonded base p a ir s  w ith  an oth er  r e g io n  o f  the tRNA, a cco u n tin g  
fo r  some o f  i t s  r e s i s t a n c e  to  Ti RNase d i g e s t i o n .  I t  i s  p o s s i b l e  th a t
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the sequence GpApYpUpm5Cp in  the  a n t ic o d o n  stem and loop  cou ld  form 
hydrogen-bonded base p a ir s  w ith  some or a l l  o f  th e  complementary  
sequence 3 'cpUpApApGp5 ' in  the TYC stem  and loop  ( f ig u r e  3*0• 
seems u n l ik e l y  th a t  t h i s  base p a ir in g  ta k es  p la c e  in  th e  t e r t i a r y  
s t r u c tu r e  o f  the n a t iv e  " ren atu rab le"  y e a s t  l e u c in e  tRNA, because  
the a n t ico d o n  would not be exposed  fo r  base p a ir in g  w ith  th e  mRNA 
codon. I t  might be p o s s i b l e ,  how ever, th a t  t h i s  hydrogen bonding  
between the a n t ico d o n  and TYC lo o p s  ta k e s  p la c e  in  the  denatured  
s t a t e  o f  the tRNA a f t e r  th e  op en ing  o f  th e  d ih y d r o u r id in e  stem .
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